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Abstract 

This article reports world averages for measurements of 6-liadron and c-hadron proper- 
ties obtained by the Heavy Flavor Averaging Group (HFAG) using the results available at 
the end of 2007. For the averaging, common input parameters used in the various analyses 
are adjusted (rescaled) to common values, and known correlations are taken into account. 
The averages include branching fractions, lifetimes, neutral meson mixing parameters, 
CP violation parameters, and parameters of semileptonic decays. 
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Pegna, V. Liith, D. Pedrini, B. Petersen, M. Purohit, O. Schneider, C. Schwanda, A. J. Schwartz, J. Smith, 
A. Snyder, D. Tonelli, S. Tosi, K. Trabelsi, P. Urquijo, R. Van Kooten, C. Voena, and C. Weiser. 
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1 Introduction 



Flavor dynamics is an important element in understanding the nature of particle physics. The 
accurate knowledge of properties of heavy flavor hadrons, especially b hadrons, plays an es- 
sential role for determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1]. Since 
asymmetric-energy e^e~ B factories started their operation, the size of available B meson 
samples has dramatically increased and the accuracies of measurements have been improved. 
Tevatron experiments have also provided important results on B and D decays with increased 
Run II data samples, including confirmation of D^-D^ mixing in D° — > X+tt" decays. 

The Heavy Flavor Averaging Group (HFAG) was formed in 2002 to continue the activi- 
ties of the LEP Heavy Flavor Steering group [2]. This group was responsible for averages of 
measurements of 6-flavor related quantities. HFAG currently consists of six subgroups: 

• the "Lifetime and Mixing" subgroup provides averages for 6-hadron lifetimes, 6-hadron 
fractions in T(4S') decay and high energy collisions, and various parameters in 5° and 
B^ oscillations (mixing); 

• the ^^CP{t) and Unitarity Triangle Angles" subgroup provides averages for time-dependent 
CP asymmetry parameters and angles of the B unitarity triangle; 

• the "Semileptonic B Decays" subgroup provides averages for inclusive and exclusive B- 
decay branching fractions, and estimates of the CKM matrix elements \Vcb\ and \Vub\; 

• the "B to Charm Decays" subgroup provides averages of branching fractions for B decays 
to final states involving open charm mesons or charmonium. 

• the "Rare Decays" subgroup provides averages of branching fractions and their asym- 
metries between B and B for charmless mesonic, radiative, leptonic, and baryonic B 
decays; 

• the "Charm Physics" subgroup provides averages of branching fractions for charm decays 
and averages of mixing and direct and indirect CP violation parameters. 

The first and third subgroups continue the activities of the LEP working groups with some 
reorganization (merging four groups into two groups). The second and latter three groups 

were newly formed to provide averages for results that became available from the B factory 
experiments (and now from the Fermilab Tevatron experiments). All subgroups consist of 
representatives and contact persons from BABAR, Belle, CDF, CLEO, D0, and LEP. 

This article is an update of the "End of 2006" HFAG preprint [4], and here we report 
world averages using the results available at the end of 2007. In general we use all publicly 
available results, including preliminary results presented at conferences; however, we do not use 
preliminary results that have remained unpublished for an extended period time or for which 
no publication is planned. Close contacts have been established between representatives from 
the experiments and members of different subgroups in charge of the averages to ensure that 
the data are prepared in a form suitable for combinations. 

In the case of obtaining a world average for which x^/dof > 1, where dof is the number 
of degrees of freedom in the average calculation, we do not scale the resulting error (as is 
presently done by the Particle Data Group [3]). Rather, we examine the systematics of each 
measurement to better understand them. Unless we find possible systematic discrepancies 
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between the measurements, we do not apply any additional correction to the calculated error. 
We provide the confidence level of the fit as an indicator for the consistency of the measurements 
included in the average. We include a warning message in case some special treatment was 
necessary to calculate an average, or if an approximation used in the average calculation may 
not be good enough {e.g., assuming Gaussian errors when the likelihood function indicates 
non-Gaussian behavior). 

Section [2] describes the methodology for calculating averages for various quantities used by 
HFAG. In the averaging, common input parameters used in the various analyses are adjusted 
(rescaled) to common values, and, where possible, known correlations are taken into account. 
Sections [HHH] present world average values from each of the subgroups mentioned above. 

The complete listing of averages and plots described in this article are also available on the 
HFAG web page: 

http : //www. slac . Stanford. edu/xorg/hfag and 

http://belle.kek.jp/inirror/hfag (KEK mirror site). 

2 Methodology 

The general averaging problem that HFAG faces is to combine information provided by dif- 
ferent measurements of the same parameter to obtain our best estimate of the parameter's 
value and uncertainty. The methodology described here focuses on the problems of combining 
measurements performed with different systematic assumptions and with potentially-correlated 
systematic uncertainties. Our methodology relies on the close involvement of the people per- 
forming the measurements in the averaging process. 

Consider two hypothetical measurements of a parameter x, which might be summarized as 

X = xi± 6xi ± Axi^i ± Ax2,i ■ ■ ■ 

X = X2±SX2± Axi,2 ± AX2,2 • • • , 

where the 6xk are statistical uncertainties, and the Axi^k are contributions to the systematic 
uncertainty. One popular approach is to combine statistical and systematic uncertainties in 
quadrature 

x = xi± {5xi © Axi,! © Aa:2,i © • • •) 

X = X2± {6X2 © Axi,2 © AX2,2 © • • •) 

and then perform a weighted average of Xi and X2, using their combined uncertainties, as if 
they were independent. This approach suffers from two potential problems that we attempt 
to address. First, the values of the Xk may have been obtained using different systematic 
assumptions. For example, different values of the -B° lifetime may have been assumed in 
separate measurements of the oscillation frequency Am^j. The second potential problem is 
that some contributions of the systematic uncertainty may be correlated between experiments. 
For example, separate measurements of Am^^ may both depend on an assumed Monte-Carlo 
branching fraction used to model a common background. 

The problems mentioned above are related since, ideally, any quantity t/i that Xk depends 
on has a corresponding contribution Axi^k to the systematic error which reflects the uncertainty 
Ai/i on Ui itself. We assume that this is the case and use the values of i/i and Ayi assumed 
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by each measurement explicitly in our averaging (we refer to these values as Ui^k and Aj/j ^ 
below). Furthermore, since we do not lump all the systematics together, we require that each 
measurement used in an average have a consistent definition of the various contributions to the 
systematic uncertainty. Different analyses often use different decompositions of their systematic 
uncertainties, so achieving consistent definitions for any potentially correlated contributions 
requires close coordination between HFAG and the experiments. In some cases, a group of 
systematic uncertainties must be lumped to obtain a coarser description that is consistent 
between measurements. Systematic uncertainties that are uncorrelated with any other sources 
of uncertainty appearing in an average are lumped with the statistical error, so that the only 
systematic uncertainties treated explicitly are those that are correlated with at least one other 
measurement via a consistently-defined external parameter Ui. When asymmetric statistical 
or systematic uncertainties are quoted, we symmetrize them since our combination method 
implicitly assumes parabolic likelihoods for each measurement. 

The fact that a measurement of x is sensitive to the value of Ui indicates that, in principle, 
the data used to measure x could equally-well be used for a simultaneous measurement of x and 
Hi, as illustrated by the large contour in Fig. [T](a) for a hypothetical measurement. However, 
we often have an external constraint A?/j on the value of Ui (represented by the horizontal band 
in Fig. [11(a)) that is more precise than the constraint (j{yi) from our data alone. Ideally, in 
such cases we would perform a simultaneous fit to x and including the external constraint, 
obtaining the filled (x, y) contour and corresponding dashed one-dimensional estimate of x 
shown in Fig. [T|^a). Throughout, we assume that the external constraint A^/j on yi is Gaussian. 

In practice, the added technical complexity of a constrained fit with extra free parameters 
is not justified by the small increase in sensitivity, as long as the external constraints A?/j are 
sufficiently precise when compared with the sensitivities cr(?/j) to each yi of the data alone. 
Instead, the usual procedure adopted by the experiments is to perform a basehne fit with all yi 
fixed to nominal values yifi, obtaining x = Xo±Sx. This baseline fit neglects the uncertainty due 
to Ayi, but this error can be mostly recovered by repeating the fit separately for each external 
parameter yi with its value fixed at yi = yi^ + Ayi to obtain x = Xi^ ± Sx, as illustrated in 
Fig. Wljo)- The absolute shift, \xifi — xo|, in the central value of x is what the experiments 
usually quote as their systematic uncertainty Ax, on x due to the unknown value of yi. Our 
procedure requires that we know not only the magnitude of this shift but also its sign. In the 
limit that the unconstrained data is represented by a parabolic likelihood, the signed shift is 
given by 



where o"(x) and p{x,yi) are the statistical uncertainty on x and the correlation between x and 
yi in the unconstrained data. While our procedure is not equivalent to the constrained fit with 
extra parameters, it yields (in the limit of a parabolic unconstrained likelihood) a central value 
xo that agrees to 0{Ayi/a{yi)y and an uncertainty 6x © Axi that agrees to 0{Ayi/a{yi)y. 

In order to combine two or more measurements that share systematics due to the same 
external parameters yi, we would ideally perform a constrained simultaneous fit of all data 
samples to obtain values of x and each yi, being careful to only apply the constraint on each yi 
once. This is not practical since we generally do not have sufficient information to reconstruct 
the unconstrained likelihoods corresponding to each measurement. Instead, we perform the 
two-step approximate procedure described below. 

Figs.[2](a,b) illustrate two statistically-independent measurements, Xi±{6xiQ)Axi^i) and a;2± 
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Figure 1: The left-hand plot (a) compares the 68% confidence-level contours of a hypothetical 
measurement's unconstrained (large ellipse) and constrained (filled ellipse) likelihoods, using 
the Gaussian constraint on yi represented by the horizontal band. The solid error bars repre- 
sent the statistical uncertainties cr(x) and (j{yi) of the unconstrained likelihood. The dashed 
error bar shows the statistical error on x from a constrained simultaneous fit to x and yi. 
The right-hand plot (b) illustrates the method described in the text of performing fits to x 
with yi fixed at different values. The dashed diagonal line between these fit results has the 
slope p{x,yi)a{yi)/a{x) in the limit of a parabohc unconstrained likelihood. The result of the 
constrained simultaneous fit from (a) is shown as a dashed error bar on x. 
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{5xi(BAxi^2), of the same hypothetical quantity x (for simphcity, we only show the contribution 
of a single correlated systematic due to an external parameter t/i). As our knowledge of the 
external parameters i/i evolves, it is natural that the different measurements of x will assume 
different nominal values and ranges for each The first step of our procedure is to adjust the 
values of each measurement to reflect the current best knowledge of the values and ranges 
Ay[ of the external parameters yi, as illustrated in Figs. [2]^c,b). We adjust the central values 
Xk and correlated systematic uncertainties Axi^k linearly for each measurement (indexed by k) 
and each external parameter (indexed by i): 



Xh 



Ax, 



.k 



Ax' 



Axi 



^yi,k 

Ay,' 



(yl - y 



i,k 



i,k 



^yi,k 



(2) 

(3) 



This procedure is exact in the limit that the unconstrained likelihoods of each measurement is 
parabolic. 

The second step of our procedure is to combine the adjusted measurements, xj, ± {6xk © 
Ax';. ^ © Ax';. 2 © • • •) using the chi-square 



y — 

k 



X 



(4) 



and then minimize this to obtain the best values of x and and their uncertainties, as 
illustrated in Fig. [31 Although this method determines new values for the we do not report 
them since the Axj^^ reported by each experiment are generally not intended for this purpose 
(for example, they may represent a conservative upper limit rather than a true reflection of a 
68% confidence level). 

For comparison, the exact method we would perform if we had the unconstrained likelihoods 
Ck{x,yi,y2, ■ ■ ■) available for each measurement is to minimize the simultaneous constrained 
likelihood 

>Ccomb(a:, 2/1, 2/2, • • •) = n ) Yl ' 

k i 

with an independent Gaussian external constraint on each yi 



Ci{yi) = exp 



Vi - Vi 

Ay: 



(6) 



The results of this exact method are illustrated by the filled ellipses in Figs. [3]^a,b) and agree 
with our method in the limit that each Ck is parabolic and that each Ay^ -C cr{yi). In the case 
of a non-parabolic unconstrained likelihood, experiments would have to provide a description 
of Ck itself to allow an improved combination. In the case of a{yi) ~ Ay'^, experiments are 
advised to perform a simultaneous measurement of both x and y so that their data will improve 
the world knowledge about y. 

The algorithm described above is used as a default in the averages reported in the following 
sections. For some cases, somewhat simplified or more complex algorithms are used and noted in 
the corresponding sections. Some examples for extensions of the standard method for extracting 
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Figure 2: The upper plots (a) and (b) show examples of two individual measurements to be 
combined. The large ellipses represent their unconstrained likelihoods, and the filled ellipses 
represent their constrained likelihoods. Horizontal bands indicate the different assumptions 
about the value and uncertainty of Ui used by each measurement. The error bars show the 
results of the approximate method described in the text for obtaining x by performing fits 
with Hi fixed to different values. The lower plots (c) and (d) illustrate the adjustments to 
accommodate updated and consistent knowledge of Ui as described in the text. Open circles 
mark the central values of the unadjusted fits to x with y fixed; these determine the dashed 
line used to obtain the adjusted values. 
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X 



Figure 3: An illustration of the combination of two hypothetical measurements of x using the 
method described in the text. The ellipses represent the unconstrained likelihoods of each 
measurement, and the horizontal band represents the latest knowledge about yi that is used 
to adjust the individual measurements. The filled small ellipse shows the result of the exact 
method using £comb, and the hollow small ellipse and dot show the result of the approximate 
method using Xcomb- 
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averages are given here. These include the case where measurement errors depend on the 
measured value, i.e. are relative errors, unknown correlation coefficients and the breakdown of 
error sources. 

For measurements with Gaussian errors, the usual estimator for the average of a set of 
measurements is obtained by minimizing the following x^'- 

x\t)=f:^^^, (7) 

i * 

where i/i is the measured value for input i and af is the variance of the distribution from which yi 
was drawn. The value t of t at minimum is our estimator for the average. (This discussion is 
given for independent measurements for the sake of simplicity; the generalization to correlated 
measurements is straightforward, and has been used when averaging results.) The true cxj are 
unknown but typically the error as assigned by the experiment a^^"" is used as an estimator for 
it. Caution is advised, however, in the case where a^^^ depends on the value measured for 
Examples of this include an uncertainty in any multiplicative factor (like an acceptance) that 
enters the determination of yi, i.e. the \/N dependence of Poisson statistics, where yi oc N 
and ffi oc -\/iV. Failing to account for this type of dependence when averaging leads to a biased 
average. Biases in the average can be avoided (or at least reduced) by minimizing the following 

In the above ai{t) is the uncertainty assigned to input i that includes the assumed dependence 
of the stated error on the value measured. As an example, consider a pure acceptance error, for 
which cTj(t) = (t/yi) x (t['^^ . It is easily verified that solving Eq. [8]leads to the correct behavior, 
namely 



t 



i.e. weighting by the inverse square of the fractional uncertainty, al^"" /yi. It is sometimes 
difficult to assess the dependence of af™ on t from the errors quoted by experiments. 

Another issue that needs careful treatment is the question of correlation among different 
measurements, e.g. due to using the same theory for calculating acceptances. A common 
practice is to set the correlation coefficient to unity to indicate full correlation. However, this 
is not a "conservative" thing to do, and can in fact lead to a significantly underestimated 
uncertainty on the average. In the absence of better information, the most conservative choice 
of correlation coefficient between two measurements i and j is the one that maximizes the 
uncertainty on t due to that pair of measurements: 



2 (1 - Pi. 



namely 



(ji = ' ^ ' ^ (Q) 



Pij = mm — , ^ , (10) 
aj Gi 
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which corresponds to setting crf^j^) = m.iia{af , a'^) . Setting pij = 1 when cTj 7^ aj can lead to a 

significant underestimate of the uncertainty on i, as can be seen from Eq. [91 

Finally, we carefully consider the various sources of error contributing to the overall uncer- 
tainty of an average. The overall covariance matrix is constructed from a number of individual 
sources, e.g. V = Vgtat + ^sys + ^th- The variance on the average i can be written 

E,,(V-MVstat+Vsys + Vth]V-^),, 

Written in this form, one can readily determine the contribution of each source of uncertainty 
to the overall uncertainty on the average. This breakdown of the uncertainties is used in the 
following sections. 

Following the prescription described above, the central values and errors are rescaled to a 
common set of input parameters in the averaging procedures according to the dependency on 
any of these input parameters. We try to use the most up-to-date values for these common 
inputs and the same values among the HFAG subgroups. For the parameters whose averages 
are produced by HFAG, we use the values in the current update cycle. For other external 
parameters, we use the most recent PDG values [3]. The parameters and values used are listed 
in each subgroup section. 
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3 6-hadron production fractions, lifetimes and mixing 
parameters 

Quantities such as &-hadron production fractions, 6-hadron lifetimes, and neutral i?-meson 
oscillation frequencies have been studied in the nineties at LEP and SLC {e~^e~ colliders at 
^/s = mz) as well as at the first version of the Tevatron {pp collider at i/i = 1.8 TeV). 
Since then precise measurements of the and lifetimes, as well as of the oscillation 
frequency, have also been performed at the asymmetric B factories, KEKB and PEPII (e"^e~ 
colliders at ^/s = mr(4S)) while measurements related to the other 6-hadrons, in particular 5°, 
B^ and are being performed at the upgraded Tevatron {y/s = 1.96 TeV). In most cases, 
these basic quantities, although interesting by themselves, became necessary ingredients for the 
more complicated and refined analyses at the asymmetric B factories and at the Tevatron, in 
particular the time- dependent CP asymmetry measurements. It is therefore important that the 
best experimental values of these quantities continue to be kept up-to-date and improved. 

In several cases, the averages presented in this chapter are needed and used as input for the 
results given in the subsequent chapters. Within this chapter, some averages need the knowledge 
of other averages in a circular way. This coupling, which appears through the 6-hadron fractions 
whenever inclusive or semi-exclusive measurements have to be considered, has been reduced 
significantly in the last several years with increasingly precise exclusive measurements becoming 
available. 

In addition to 6-hadron fractions, lifetimes and mixing parameters, this chapter also deals 
with the CP- violating phase jSg, which is the phase difference between the B^ mixing amplitude 
and the b — > ccs decay amplitude. The angle /?, which is the equivalent of (3s for the 5° system, 
is discussed in Chapter HI 

3.1 6-hadron production fractions 

We consider here the relative fractions of the different 6-hadron species found in an unbiased 
sample of weakly-decaying b hadrons produced under some specific conditions. The knowledge 
of these fractions is useful to characterize the signal composition in inclusive 6-hadron analyses, 
or to predict the background composition in exclusive analyses. Many analyses in B physics 
need these fractions as input. We distinguish here the following three conditions: T{4S) decays, 
T{5S) decays, and high-energy collisions (including decays). 

3.1.1 b-hadron production fractions in Y(4S) decays 

Only pairs of the two lightest (charged and neutral) B mesons can be produced in T{AS) decays, 
and it is enough to determine the following branching fractions: 



/ 



r(r(4^) ^ 5+5-)/rtot(r(4^)) 
r(r(45)^fi°5^)/rtot(r(45)). 



(12) 
(13) 



■00 



In practice, most analyses measure their ratio 



^+-/oo _ /+-//00 _ Y{T{AS) B+B-)/T{T{AS) BW) , 



(14) 
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Table 1: Published measurements of the B^/B^ production ratio in T{AS) decays, together 
with their average (see text). Systematic uncertainties due to the imperfect knowledge of 
t{B^)/t{B^) are included. The latest BABMi result [10] supersedes the earlier BABMi measure- 
ments [6,9]. 



Experiment 


Ref. 


Decay modes 


Published value of 


Assumed value 


and year 




or method 


^+-/00 ^ /+"/ 


of r(B+)/r(BO) 


CLEO, 2001 


[5] 




1.04 ±0.07 ±0.04 


1.066 ±0.024 


BABAR, 2002 


[6] 




1.10 ±0.06 ±0.05 


1.062 ±0.029 


CLEO, 2002 


[7] 


D*iiy 


1.058 ±0.084 ±0.136 


1.074 ±0.028 


Belle, 2003 


[8] 


dilepton events 


1.01 ±0.03 ±0.09 


1.083 ±0.017 


BABAR, 2004 


[9] 


J/^/jK 


1.006 ±0.036 ±0.031 


1.083 ±0.017 


BABAR, 2005 


[10] 




1.06 ±0.02 ±0.03 


1.086 ±0.017 


Average 






1.064 ±0.029 (tot) 


1.073 ±0.008 



which is easier to access experimentally. Since an inclusive (but separate) reconstruction of 
B^ and B^ is difficult, specific exclusive decay modes, B^ and B^ — >• are usually 

considered to perform a measurement of whenever they can be related by isospin 

symmetry (for example B+ J /ipK^ and B^ J/ipK^). Under the assumption that r{B'^ — » 
x~^) = r(B° x°), i.e. that isospin invariance holds in these B decays, the ratio of the number 
of reconstructed B^ —>■ x^ and B^ — ^ x^ mesons is proportional to 

/+- BiB+ ^ x+) _ /+- r(B+ x+) r(B+) _ /+" r(B+) 
/ooi3(BO^xO) /oor(BO ^xO)r(BO) r^B^) ' ^ ' 

where t{B^) and t{B^) are the B^ and B^ lifetimes respectively. Hence the primary quantity 
measured in these analyses is W /°*^r(B+)/r(i?°), and the extraction of with this 

method therefore requires the knowledge of the t{B'^)/t{B^) lifetime ratio. 

The published measurements of R~^~^^^ are listed in Tabled] together with the corresponding 
assumed values of t{B^) /t{B^). All measurements are based on the above-mentioned method, 
except the one from Belle, which is a by-product of the B^ mixing frequency analysis using 
dilepton events (but note that it also assumes isospin invariance, namely r{B^ = 
r(B° The latter is therefore treated in a slightly different manner in the following 

procedure used to combine these measurements: 

• each published value of R^~^^^ from CLEO and BABAR is first converted back to the 
original measurement of R^^^^^ '^{B^) I ^{B^\ using the value of the lifetime ratio assumed 
in the corresponding analysis; 

• a simple weighted average of these original measurements of r(B+)/r(i?°) from 
CLEO and BABAR (which do not depend on the assumed value of the lifetime ratio) is 
then computed, assuming no statistical or systematic correlations between them; 

• the weighted average of R^^l^'^ r{B^)lr{B^) is converted into a value of i?"*""/"", using 
the latest average of the lifetime ratios, t{B+)/t{B^) = 1.073 ± 0.008 (see Sec. 15X5]) : 
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• the Belle measurement of W' is adjusted to the current values of t{B^) = 1.530 ± 
0.008 ps and t{B+)/t{B^) = 1.073 ± 0.008 (see Sec. KTm . using the quoted systematic 
uncertainties due to these parameters; 

• the combined value of from CLEO and BABAR is averaged with the adjusted value 
of from Belle, assuming a 100% correlation of the systematic uncertainty due to 
the limited knowledge on t{B^)/t{B^); no other correlation is considered. 

The resulting global average, 

f+- 

= :L_ = 1.064 ±0.029, (16) 

is consistent with an equal production of charged and neutral B mesons, although only at the 
2.2a level. 

On the other hand, the BABAR collaboration has performed a direct measurement of the 
Z"" fraction using a novel method, which does not rely on isospin symmetry nor requires the 
knowledge of t{B~^)/t{B^). Its analysis, based on a comparison between the number of events 
where a single 5° D*~i~^i> decay could be reconstructed and the number of events where 
two such decays could be reconstructed, yields [11] 

/oo = 0.487 ± 0.010 (stat) ± 0.008 (syst) . (17) 

The two results of Eqs. (fT6ll and (flTl) are of very different natures and completely indepen- 
dent of each other. Their product is equal to = 0.518 ± 0.019, while another combination 
of them gives f~^~ + f'^^ = 1.005 ±0.030, compatible with unity. Assuming /"*"" ±/*^° = 1, also 
consistent with CLEO's observation that the fraction of T{4S) decays to BB pairs is larger 
than 0.96 at 95% CL [13], the results of Eqs. f|T6|) and f|T7|) can be averaged (first converting 
Eq. f|T6l) into a value of = l/(i?+~/°° ±1)) to yield the following more precise estimates: 

f+- 

/°° = 0.485 ± 0.006 , /+" = l-/°° = 0.515 ±0.006, = 1.062 ± 0.025 . (18) 

The latter ratio differs from one by 2.4(T. 



3.1.2 6-hadron production fractions in Y{5S) decays 

Hadronic events produced in e~^e~ collisions at the T{5S) energy can be classified into three 
categories: light-quark continuum events, bb continuum events, and T{5S) events. The latter 
two cannot be distinguished and are expected to always produce one of the following final states 
with a pair of 6-fiavored mesons: BB, BB*, B*B, B*B\ BBn, BB\, B*B'k, B*B\, BBtvtt, 
B°B^, B^R; , B^/B^ or 5°* 5^ , where B denotes a 5° or B+ meson and B denotes a i? or 
B~ meson. The excited states decay via B* Bj and 5°* — > B^'j. We define here fs{T{5S)) 

as the fraction of Bs^*^^J'*^ events over all events with a pair of 6-fiavored mesons at the T{5S) 
energy: 



fsiTibS)) = ^ ^ ' J at = m(r(55)) . (19) 

^ " a{e+e- (58) oi bbX) ^ V v v ; 
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Table 2: Published values of fs{T{5S)) and their average. 



Experiment, 
year and dataset 



Ref. 



Decay modes 
or method 



Published value of 



+0.067 
-0.034 



CLEO, 2006, 0.42 fb^ 



[14] T{5S) D,X 

[14] T{5S) 0X 

[14] T{5S) BBX 

[14] CLEO average of above 3 



0.168 ±0.026 
0.246 ± 0.029l[J;J^|] 
0.411 ±0.100 ±0.092 

21+°-°^ 



Belle, 2006, 1.86 fb 



[15] T{5S) DsX 

[15] T{5S) D^X 

[15] Belle average of above 2 



0.179 ±0.014 ±0.041 
0.181 ±0.036 ±0.075 
0.180 ±0.013 ±0.032 



Average of all above after adjustments to inputs of Table [3] 0.194 ± 0.011 ± 0.027 



Table 3: External inputs on which the fs{T{5S)) average is based. 

Value Explanation and reference 

^07r) 0.00374 ±0.00014 derived from [3] 

0.92 ±0.11 model-dependent estimate [16] 

0.045 ± 0.004 [3] 

> Kn) 0.0243 ± 0.0011 derived from [3] 

0.08 ± 0.07 model-dependent estimate [15, 16] 

0.0382 ± 0.0007 [3] 

0.0344 ± 0.0012 world average [3, 14] 

0.161 ±0.024 model-dependent estimate [14] 



Branching fraction 


B{B - 


* DsX) X 


B{a 




^DsX) 






07r) 




B{B - 


* D^X) X 


B{D 


B{B^s - 


D^X) 






Kn) 




bIb - 













The CLEO and Belle collaborations have recently published measurements of several in- 
clusive TibS) branching fractions, BiT{hS) DsX), B{T{5S) B{T{5S) 
and B{T{5S) —>■ BBX), from which they extract the model-dependent estimates of fs{T{5S)) 
reported in Table [2l This extraction requires the knowledge of several other branching frac- 
tions, which are listed in Table [3] together with their most recent values. Before being averaged, 
the CLEO and Belle results are adjusted to these new external inputs. The world average of 
fs{T{5S)) taking into account all systematic correlations introduced by the use of common 
external inputs, as well as the experiment-specific correlations due to the estimated number of 
bb events, is 

/,(r(55)) = 0.194 ±0.029. (20) 

This production of Bg mesons at the T{5S) is observed to be dominated by the B^*Bs chan- 
nel [17,18], with a(e+e- ^ 5f 5°*)/(T(e+e- ^ fi°W;gO{*)^ ^ ^ ^^^^ ^^gj_ 



"'^A few non-BB decay modes of the T(4S') (T(15)7r+7r^ , T(2S')7r+7r^, T(1S')77) have been observed with 
branching fractions of the order of 10^'* [12], corresponding to a partial width several times larger than that in 
the e+e" channel. However, this can still be neglected and the assumption + /^^ = 1 remains valid in the 
present context of the determination of and f°^. 
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3.1.3 b-hadron production fractions at high energy 



At high energy, all species of weakly-decaying b hadrons can be produced, either directly or in 
strong and electromagnetic decays of excited b hadrons. We assume here that the fractions of 
these different species are the same in unbiased samples of high-px b jets originating from 
decays or from pp collisions at the Tevatron. This hypothesis is plausible considering that, in 
both cases, the last step of the jet hadronization is a non-perturbative QCD process occurring at 
the scale of /Iqcd- On the other hand, there is no strong argument to claim that these fractions 
should be strictly equal, so this assumption should be checked experimentally. Although the 
available data is not sufficient at this time to perform a significant check, it is expected that 
more data from Tevatron Run II may improve this situation and allow one to confirm or disprove 
this assumption with reasonable confidence. Meanwhile, the attitude adopted here is that these 
fractions are assumed to be equal at all high-energy colliders until demonstrated otherwise by 



Tevatron show slight discrepancies. Therefore we present two sets of averages: one set including 
only measurements performed at LEP, and a second set including measurements performed at 
both LEP and Tevatron. 

Contrary to what happens in the charm sector where the fractions of and are 
different, the relative amount of and is not affected by the electromagnetic decays of 
excited B~^* and B^* states and strong decays of excited 5+** and 5°** states. Decays of the 
type Bg** B^*^K also contribute to the B~^ and B^ rates, but with the same magnitude if 
mass effects can be neglected. We therefore assume equal production of B~^ and We also 
neglect the production of weakly-decaying states made of several heavy quarks (hke B^ and 
other heavy baryons) which is known to be very small. Hence, for the purpose of determining 
the 6-hadron fractions, we use the constraints 



where /„, fd, fs and /baryon are the unbiased fractions of B^, 5°, B^ and b baryons, respectively. 

The LEP experiments have measured /, x ^ D-i+ueX) [19], B{b A^) x B{A1 

A+i-VeX) [20,21] and B{b E^) x E'l-ViX) [22, 23^ from partially reconstructed 

final states including a lepton, /baryon from protons identified in b events [25] , and the production 
rate of charged b hadrons [26]. The various 6-hadron fractions have also been measured at CDF 
using electron-charm final states [27] and double semileptonic decays with K*fifi and final 
states [28]. All these result^ have been combined following the procedure and assumptions 
described in [2], to yield = = 0.402 ±0.011, /, = 0.097± 0.016 and /baryon = 0.099 ±0.020 
under the constraints of Eq. fl?I]) . Following the PDG prescription, we have scaled the combined 
uncertainties on these fractions by 1.2 to account for slight discrepancies in the input data. 
Repeating the combination using LEP data only, we obtain fu = fd = 0.406 ± 0.009, fs = 
0.087 ± 0.014 and /baryon = 0.100 ± 0.017 and find that no scaling factor is necessary. For these 
combinations other external inputs are used, e.g. the branching ratios of B mesons to final 
states with a D, D* or D** in semileptonic decays, which are needed to evaluate the fraction 
of semileptonic 5° decays with a D~ in the final state. 

^It is not unlikely that the 6-hadron fractions in low-pT jets at a hadronic machine be different; in particular, 
beam-remnant effects may enhance the &-baryon production. 

•^The DELPHI result of Ref. [23] is considered to supersede an older one [24]. 

'^Recent measurements [29] performed by CDF with Run II data have not been included here. 




However, as explained below, the measurements performed at LEP and at the 



fu — fd and fu + fd + fs + /baryon — 1 , 



(21) 
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Table 4: Time-integrated mixing probability x (defined in Eq. (1221) ). and fractions of the 
different fe-hadron species in an unbiased sample of weakly-decaying b hadrons, obtained from 
both direct and mixing measurements. Measurements performed in Z decays are included in 
both sets of averages. 



Quantity 


in Z decays 


at high energy 


Mixing probability x 


0.1259 ±0.0042 


0.1284 ±0.0069 


or fraction /„ = 


0.403 ± 0.009 


0.401 ±0.011 


B^ fraction 


0.101 ±0.009 


0.106 ±0.012 


h baryon fraction /baryon 


0.092 ±0.015 


0.093 ±0.019 


Correlation between fg and /„ = fd 


-0.515 


-0.475 


Correlation between /baryon and /„ = fd 


-0.873 


-0.836 


Correlation between /baryon and fs 


±0.032 


-0.087 



Time-integrated mixing analyses performed with lepton pairs from hh events produced at 
high-energy colliders measure the quantity 

X = fdXd + f'sXs, (22) 

where /^ and /^ are the fractions of B^ and hadrons in a sample of semileptonic 6-hadron 
decays, and where Xd and Xs are the B^ and 5° time-integrated mixing probabilities. Assuming 
that all h hadrons have the same semileptonic decay width implies f[ = fiRi, where Ri = Ti/ri, 
is the ratio of the lifetime Tj of species i to the average 6-hadron lifetime = /jX;. Hence 
measurements of the mixing probabilities x, Xd and Xs can be used to improve our knowledge 
of fu, fd, fs and /baryon- In practice, the above relations yield another determination of fs 
obtained from /baryon and mixing information, 

r -'^ (-'- ± (1 /baryon -Rbaryon)X<i (OQ\ 

Rs (1 ± r)Xs - Xd 

where r = Ru/Rd = T{B+)/r{B^). 

The published measurements of x performed by the LEP experiments have been combined 
by the LEP Electroweak Working Group to yield x = 0.1259 ± 0.0042 [30]. This can be 
compared with the Tevatron average, x = 0.147 ± 0.011, obtained from a CDF measurement 
with Run I data [31] and from a recent D0 measurement with Run II data [32]. The two averages 
deviate from each other by 1.8 a; this could be an indication that the production fractions of 
b hadrons at the Z peak or at the Tevatron are not the same. Although this discrepancy is 
not very significant it should be carefully monitored in the future. We choose to combine these 
two results in a simple weighted average, assuming no correlations, and, following the PDG 
prescription, we multiply the combined uncertainty by 1.8 to account for the discrepancy. Our 
world average is then x = 0.1284 ± 0.0069. 

Introducing the x average in Eq. fl23l) . together with our world average Xd = 0.1881 ±0.0023 
(see Eq. f l56|) of Sec. I3.3.ip . the assumption Xs = 1/2 (justified by Eq. fllOip in Sec. 13.3.21) . the 
best knowledge of the lifetimes (see Sec. 13.21) and the estimate of /baryon given above, yields 
/, = 0.119 ± 0.019 (or /, = 0.112 ± 0.012 using only LEP data), an estimate dominated 
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by the mixing information. Taking into account all known correlations (including the one 
introduced by /baryon), this result is then combined with the set of fractions obtained from 
direct measurements (given above), to yield the improved estimates of Table HI still under the 
constraints of Eq. (12T!) . As can be seen, our knowledge on the mixing parameters substantially 
reduces the uncertainty on fg, and this even in the case of the world averages where a rather 
strong deweighting was introduced in the computation of x- K should be noted that the results 
are correlated, as indicated in Table HI 

New CDF measurements performed with Run II data, and not included in the above aver- 
ages, have recently been published [29], 

^ = 1.054 ± 0.018(stat) t[J-J]^f(syst) ±0.058(i3), (24) 
Id 

= 0.160 ±0.005(stat)inio(syst)lH3l(^), (25) 

Id + Ju 

_ n ofil -I- n niO('c+ofA +0-058/^,,^^.N +0.128/ 



fd + fu 



0.281 ± 0.012(stat) ^[;:l]^^(syst) t'^dm , (26) 



where Ja^, is the fraction of Ai, in an unbiased sample of weakly-decaying 6-hadrons, and where 
the third quoted error {B) is due to uncertainties on measured branching fractions. According 
to the authors of Ref. [29], these results on fu/ fd and fs/{fd + fu) are in agreement with the 
averages computed from LEP data, but the central value of fAjifd + fu) is twice as large 
as that of /baryon/(/d + fu) measurcd at LEP, showing a ~ 2.3a discrepancy attributed to a 
possible momentum dependence of the 6-baryon fragmentation. 



3.2 6-hadron lifetimes 

In the spectator model the decay of 6-fiavored hadrons Hb is governed entirely by the flavor 
changing b Wq transition {q = c,u). For this very reason, lifetimes of all 6-fiavored hadrons 
are the same in the spectator approximation regardless of the (spectator) quark content of the 
Hb. In the early 1990's experiments became sophisticated enough to start seeing the differences 
of the lifetimes among various Hb species. The first theoretical calculations of the spectator 
quark effects on Hb lifetime emerged only few years earlier. 

Currently, most of such calculations are performed in the framework of the Heavy Quark 
Expansion, HQE. In the HQE, under certain assumptions (most important of which is that of 
quark-hadron duality), the decay rate of an Hb to an inclusive final state / is expressed as the 
sum of a series of expectation values of operators of increasing dimension, multiplied by the 
correspondingly higher powers of AqcD/mb: 

T^.^f = \CKM\'J2^l!U^y{Hb\0^\Hb), (27) 

v nib ' 

n 

where \CKM\'^ is the relevant combination of the CKM matrix elements. Coefficients cil^ of 
this expansion, known as Operator Product Expansion [33], can be calculated perturbatively. 
Hence, the HQE predicts r^b-*/ in the form of an expansion in both /Iqcd/'"^?) and as{mb). The 
precision of current experiments makes it mandatory to go to the next-to-leading order in QCD, 
i.e. to include correction of the order of as{mb) to the Cn^'s. All non-perturbative physics is 
shifted into the expectation values {Hb\On\Hb) of operators On- These can be calculated using 
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lattice QCD or QCD sum rules, or can be related to other observables via the HQE [34]. One 
may reasonably expect that powers of AQci)/^b provide enough suppression that only the first 
few terms of the sum in Eq. (1271) matter. 

Theoretical predictions are usually made for the ratios of the lifetimes (with t{B^) chosen 
as the common denominator) rather than for the individual lifetimes, for this allows several 
uncertainties to cancel. The precision of the current HQE calculations (see Refs. [35-37] for the 
latest updates) is in some instances already surpassed by the measurements, e.g. in the case 
of t{B^) /t{B^). Also, HQE calculations are not assumption-free. More accurate predictions 
are a matter of progress in the evaluation of the non-perturbative hadronic matrix elements 
and verifying the assumptions that the calculations are based upon. However, the HQE, even 
in its present shape, draws a number of important conclusions, which are in agreement with 
experimental observations: 

• The heavier the mass of the heavy quark the smaller is the variation in the lifetimes among 
different hadrons containing this quark, which is to say that as mf, — > oo we retrieve the 
spectator picture in which the lifetimes of all iffe's are the same. This is well illustrated by 
the fact that lifetimes are rather similar in the h sector, while they differ by large factors 
in the c sector {rric < nib). 

• The non-perturbative corrections arise only at the order of ylQco/m^, which translates 
into differences among Hh lifetimes of only a few percent. 

• It is only the difference between meson and baryon lifetimes that appears at the ^qcd/'^6 
level. The splitting of the meson lifetimes occurs at the ^qcd/'^6 level, yet it is enhanced 
by a phase space factor IGvr^ with respect to the leading free b decay. 

To ensure that certain sources of systematic uncertainty cancel, lifetime analyses are some- 
times designed to measure a ratio of lifetimes. However, because of the differences in decay 
topologies, abundance (or lack thereof) of decays of a certain kind, etc., measurements of the in- 
dividual lifetimes are more common. In the following section we review the most common types 
of the lifetime measurements. This discussion is followed by the presentation of the averaging 
of the various lifetime measurements, each with a brief description of its particularities. 

3.2.1 Lifetime measurements, uncertainties and correlations 

In most cases lifetime of an is estimated from a flight distance and a /?7 factor which is used 
to convert the geometrical distance into the proper decay time. Methods of accessing lifetime 
information can roughly be divided in the following five categories: 

1. Inclusive (flavor-blind) measurements. These measurements are aimed at extract- 
ing the lifetime from a mixture of 6-hadron decays, without distinguishing the decaying 
species. Often the knowledge of the mixture composition is limited, which makes these 
measurements experiment-specific. Also, these measurements have to rely on Monte Carlo 
for estimating the jS'j factor, because the decaying hadrons are not fully reconstructed. 
On the bright side, these usually are the largest statistics 5-hadron lifetime measurements 
that are accessible to a given experiment, and can, therefore, serve as an important per- 
formance benchmark. 
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2. Measurements in semileptonic decays of a specific Hf,. W from b Wc pro- 
duces ii^i pair {i = e, /i) in about 21% of the cases. Electron or muon from such decays is 
usually a well-detected signature, which provides for clean and efficient trigger, c quark 
from b — > Wc transition and the other quark(s) making up the decaying Hi, combine into 
a charm hadron, which is reconstructed in one or more exclusive decay channels. Know- 
ing what this charmed hadron is allows one to separate, at least statistically, different Hf, 
species. The advantage of these measurements is in statistics, which usually is superior 
to that of the exclusively reconstructed Hb decays. Some of the main disadvantages are 
related to the difficulty of estimating lepton+charm sample composition and Monte Carlo 
rehance for the factor estimate. 

3. Measurements in exclusively reconstructed hadronic decays. These have the ad- 
vantage of complete reconstruction of decaying if;,; which allows one to infer the decaying 
species as well as to perform precise measurement of the (5^ factor. Both lead to gener- 
ally smaller systematic uncertainties than in the above two categories. The downsides are 
smaller branching ratios, larger combinatoric backgrounds, especially in Hi, — > Hc7r{7r7r) 
and multi-body H^. decays, or in a hadron collider environment with non-trivial under- 
lying event. Hi, — > J/ipHg are relatively clean and easy to trigger on J/ip ^ £'^£~, but 
their branching fraction is only about 1%. 

4. Measurements at asymmetric B factories. 

In the T{AS) — > BB decay, the B mesons {B^ or S°) are essentially at rest in the T{AS) 
frame. This makes direct lifetime measurements impossible in experiments at symmetric 
colliders producing T(45') at rest. At asymmetric B factories the T{AS) meson is boosted 
resulting in B and B moving nearly parallel to each other with the same boost. The 
lifetime is inferred from the distance separating the B and B decay vertices along the 
beam axis and from the T(4S') boost known from the beam energies. This boost is equal 
to /97 ^ 0.55 (0.43) in the BABAR (Belle) experiment, resulting in an average B decay 
length of approximately 250 (190) /xm. 

In order to determine the charge of the B mesons in each event, one of the them is fully 
reconstructed in a semileptonic or hadronic decay mode. The other B is typically not 
fully reconstructed, only the position of its decay vertex is determined from the remaining 
tracks in the event. These measurements benefit from large statistics, but suffer from poor 
proper time resolution, comparable to the B lifetime itself. This resolution is dominated 
by the uncertainty on the decay vertices, which is typically 50 (100) /im for a fully 
(partially) reconstructed B meson. With very large future statistics, the resolution and 
purity could be improved (and hence the systematics reduced) by fully reconstructing 
both B mesons in the event. 

5. Direct measurement of lifetime ratios. This method has so far been only applied 
in the measurement of t{B^)/t{B^). The ratio of the lifetimes is extracted from the 
dependence of the observed relative number of B^ and B^ candidates (both reconstructed 
in semileptonic decays) on the proper decay time. 

In some of the latest analyses, measurements of two {e.g. t{B^) and t{B~^)/t{B^)) or three 
{e.g. t{B^), t{B^)/t{B^), and Am^) quantities are combined. This introduces correlations 
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Table 5: Measurements of average 6-hadron lifetimes. 



Experiment Method 


Data set 


n (ps) 


Ref. 


ALEPH 


Dipole 


91 


1.511 ±0.022 ±0.078 


[39] 


DELPHI 


All track i.p. (2D) 


91-92 


1.542 ±0.021 ±0.045 


[40]'^ 


DELPHI 


Sec. vtx 


91-93 


1.582 ±0.011 ±0.027 


[41]'^ 


DELPHI 


Sec. vtx 


94-95 


1.570 ±0.005 ±0.008 


[42] 
[43]'' 


L3 


Sec. vtx + i.p. 


91-94 


1.556 ±0.010 ±0.017 


OPAL 


Sec. vtx 


91-94 


1.611 ± 0.010 ± 0.027 


[44] 


QT r> 


Sec. vtx 


93 


1.564 ± 0.030 ± 0.036 


r /I crl 

[45] 


ii. VCi Cl^C 


OCL L \U VCi LCA. J 




i.o 1 z It u.uuy 




ALEPH 


Lepton i.p. (3D) 


yi— yo 


i.Ooo it U.Uio it u.uzz 


[46J 
[43]'' 


L3 


Lepton i.p. (2D) 


91-94 


1.544 ±0.016 ±0.021 


OPAL 


Lepton i.p. (2D) 


90-91 


1.523 ±0.034 ±0.038 


[47] 


Average 


set 2 {b-^i) 




1.537 ±0.020 




CDFl 


J/ip vtx 


92-95 


1.533 ±0.0151^:^1^5 


[48] 


Average 


of all above 




1.568 ±0.009 





" The combined DELPHI result quoted in [41] is 1.575 ± 0.010 ± 0.026 ps. 
The combined L3 resuh quoted in [43] is 1.549 ± 0.009 ± 0.015 ps. 



among measurements. Another source of correlations among the measurements are the sys- 
tematic effects, which could be common to an experiment or to an analysis technique across 
the experiments. When calculating the averages, such correlations are taken into account per 
general procedure, described in Ref. [38]. 

3.2.2 Inclusive b-hadron lifetimes 

The inclusive b hadron lifetime is defined as Tb = fi'^i where Xj are the individual species 
lifetimes and are the fractions of the various species present in an unbiased sample of weakly- 
decaying b hadrons produced at a high-energy colliderlf] This quantity is certainly less fun- 
damental than the lifetimes of the individual species, the latter being much more useful in 
comparisons of the measurements with the theoretical predictions. Nonetheless, we perform 
the averaging of the inclusive lifetime measurements for completeness as well as for the reason 
that they might be of interest as "technical numbers." 

In practice, an unbiased measurement of the inclusive lifetime is difficult to achieve, because 
it would imply an efficiency which is guaranteed to be the same across species. So most of the 
measurements are biased. In an attempt to group analyses which are expected to select the 
same mixture of b hadrons, the available results (given in Table [5]) are divided into the following 
three sets: 

1. measurements at LEP and SLD that accept any 6-hadron decay, based on topological 
reconstruction (secondary vertex or track impact parameters); 

^In principle such a quantity could be slightly different in Z decays and a the Tevatron, in case the fractions 
of &-hadron species are not exactly the same; see the discussion in Sec. 13.1.31 
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2. measurements at LEP based on the identification of a lepton from a b decay; and 

3. measurements at the Tevatron based on inclusive Hb — >■ J/ipX reconstruction, where the 
J / ip is fully reconstructed. 

The measurements of the first set are generally considered as estimates of r^, although the 
efficiency to reconstruct a secondary vertex most probably depends, in an analysis-specific way, 
on the number of tracks coming from the vertex, thereby depending on the type of the Hb. 
Even though these efficiency variations can in principle be accounted for using Monte Carlo 
simulations (which inevitably contain assumptions on branching fractions), the Hb mixture in 
that case can remain somewhat ill-defined and could be slightly different among analyses in 
this set. 

On the contrary, the mixtures corresponding to the other two sets of measurements are 
better defined in the limit where the reconstruction and selection efficiency of a lepton or a J/ip 
from an Hb does not depend on the decaying hadron type. These mixtures are given by the 
production fractions and the inclusive branching fractions for each Hb species to give a lepton 
or a J/ip. In particular, under the assumption that all b hadrons have the same semileptonic 
decay width, the analyses of the second set should measure r(6 — > £) = fi'''i) / fi^i) 
which is necessarily larger than if lifetime differences exist. Given the present knowledge on 
Ti and fi, rib £) — Tb is expected to be of the order of 0.01 ps. 

Measurements by SLC and LEP experiments are subject to a number of common systematic 
uncertainties, such as those due to (lack of knowledge of) b and c fragmentation, b and c decay 
models, B{B — > £), B{B ^ c ^ i), B{c i), r^, and Hb decay multiplicity. In the averaging, 
these systematic uncertainties are assumed to be 100% correlated. The averages for the sets 
defined above (also given in Table are 



whereas an average of all measurements, ignoring mixture differences, yields 1.568 ± 0.009 ps. 
3.2.3 -B° and lifetimes and their ratio 

After a number of years of dominating these averages the LEP experiments yielded the scene 
to the asymmetric B factories and the Tevatron experiments. The B factories have been very 
successful in utilizing their potential - in only a few years of running, BABAR and, to a greater 
extent. Belle, have struck a balance between the statistical and the systematic uncertainties, 
with both being close to (or even better than) the impressive 1%. In the meanwhile, CDF 
and D0 have emerged as significant contributors to the field as the Tevatron Run II data 
flowed in. Both appear to enjoy relatively small systematic effects, and while current statistical 
uncertainties of their measurements are factors of 2 to 4 larger than those of their 5-factory 
counterparts, both Tevatron experiments stand to increase their samples by almost an order of 
magnitude. 

At present time we are in an interesting position of having three sets of measurements (from 
LEP/SLC, B factories and the Tevatron) that originate from different environments, obtained 
using substantially different techniques and are precise enough for incisive comparison. 



r(6 vertex) 
r(6 ^ £) 
rib ^ J/^) 



1.572 ±0.009 ps, 
1.537 ±0.020 ps. 




(28) 
(29) 
(30) 
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Table 6: Measurements of the lifetime. 



Experiment 


Method 


Data set 


r(i?0) (ps) 


Ref. 


ALEPH 




91- 


-95 


1.518 ±0.053 ±0.034 


[49] 


ALEPH 


Exclusive 


91- 


-94 


1.25;°-}^ ± 0.05 


[50] 


ALEPH 


Partial rec. tt+tt^ 


91- 


-94 


1 40+0.17+0.08 
-■-•^^-0.15-0.06 


[50] 


DELPHI 


D(*)e 


91- 


-93 


1.6lt[|:}^ ± 0.08 


[51] 


DELPHI 


Charge sec. vtx 


91- 


-93 


1.63 ±0.14 ±0.13 


[52] 


DELPHI 


Inclusive D*i 


91- 


-93 


1.532 ±0.041 ±0.040 


[53] 


DELPHI 


Charge sec. vtx 


94- 


-95 


1.531 ±0.021 ±0.031 


[42] 


L3 


Charge sec. vtx 


94- 


-95 


1.52 ±0.06 ±0.04 


[54] 


OPAL 




91- 


-93 


1.53 ±0.12 ±0.08 


[55] 


OPAL 


Charge sec. vtx 


93- 


-95 


1.523 ±0.057 ±0.053 


[56] 


OPAL 


Inclusive D*i 


91- 


-00 


1.541 ±0.028 ±0.023 


[57] 


SLD 


Charge sec. vtx i 


93- 


-95 


1.56+jJ;}3 ± 0.10 


[58]'^ 


SLD 


Charge sec. vtx 


93- 


-95 


1.66 ±0.08 ±0.08 


[58]'^ 


CDFl 




92- 


-95 


1.474 ± Om9tomj 


[59] 


CDFl 


Excl. J/ipK*^ 


92- 


-95 


1.497 ±0.073 ±0.032 


[60] 


CDF2 


Inch D^*k 


02- 


-04 


1.473 ±0.036 ±0.054 


[Q1]P 


CDF2 


Excl. D^{3)7r 


02- 


-04 


1.511 ±0.023 ±0.013 


[62]P 


CDF2 


Excl. J/ipKs, J/^K*^ 


02- 


-06 


1.551 ±0.019 ±0.011 


[63]P 


D0 


Excl. J/ipK*° 


02- 


-05 


1.530 ±0.043 ±0.023 


[64, 65] 


D0 


Excl. J/ipKs 


02- 


-06 


1.50ll[J:[J^^ ± 0.050 


[66] 


BABAR 


Exclusive 


99- 


-00 


1.546 ±0.032 ±0.022 


[67] 


BABAR 


Inclusive D*i 


99- 


-01 


1.529 ±0.012 ±0.029 


[68] 


BABAR 


Exclusive D*i 


99- 


-02 


^■^'^^-omt ± 0.022 


[69] 


BABAR 


Inch D*n, D*p 


99- 


-01 


1.533 ±0.034 ±0.038 


[70] 


BABAR 


Inclusive D*i 


99- 


-04 


1.504 ± 0.013t|]:[5}3 


[71] 


Belle 


Exclusive 


00- 


-03 


1.534 ±0.008 ±0.010 


[72] 


Average 








1.530 ±0.008 





The combined SLD result quoted in [58] is 1.64 ± 0.08 ± 0.08 ps. 
Preliminary. 



The averaging of t{B~^), t{B^) and t{B^) /t{B^) measurements is summarized in Tables[6], 
[71 andlHl For t{B~^)/t{B^) we averaged only the measurements of this quantity provided by 
experiments rather than using all available knowledge, which would have included, for example, 
t{B~^) and t{B^) measurements which did not contribute to any of the ratio measurements. 

The following sources of correlated (within experiment /machine) systematic uncertainties 
have been considered: 

• for SLC/LEP measurements - D** branching ratio uncertainties [2], momentum esti- 
mation of b mesons from decays (6-quark fragmentation parameter (Xe) = 0.702 ± 
0.008 [2]), 5° and b baryon lifetimes (see Sees. 13.2.41 and l3. 2. 61) . and 6-hadron fractions at 
high energy (see Table S]) ; 
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Table 7: Measurements of the lifetime. 



Experiment 


Method 


Data set 


r(5+) (ps) 


Ref. 


ALEPH 




91- 


-95 


1.648 ± 0.049 ± 0.035 


[49] 
[50] 


ALEPH 


Exclusive 


91- 


-94 


1 k;q+0.21+0.04 
-■-•^"-0.18-0.03 


DELPHI 




91- 


-93 


1.61 ±0.16 ±0.12 


[51]" 


DELPHI 


Charge sec. vtx 


91- 


-93 


1.72 ±0.08 ±0.06 


[52]" 


DELPHI 


Charge sec. vtx 


94- 


-95 


1.624 ±0.014 ±0.018 


[42] 


L3 


Charge sec. vtx 


94- 


-95 


1.66 ±0.06 ±0.03 


[54] 


OPAL 




91- 


-93 


1.52 ±0.14 ±0.09 


[55] 


OPAL 


Charge sec. vtx 


93- 


-95 


1.643 ±0.037 ±0.025 


[56] 


SLD 


Charge sec. vtx i 


93- 


-95 


1.61+|]:J^ ± 0.07 


[58]^ 


SLD 


Charge sec. vtx 


93- 


-95 


1.67 ±0.07 ±0.06 


[58]^ 


CDFl 




92- 


-95 


1.637 ±0.058+°:°^^ 


[59] 


CDFl 


Excl. J/tpK 


92- 


-95 


1.636 ± 0.058 ± 0.025 


[60] 


CDF2 


Excl. J/i/jK 


02- 


-06 


1.630 ±0.016 ±0.011 


[63]P 


CDF2 


Incl. D^£ 


02- 


-04 


1.653 ± 0.029;[|:^^? 


[61]P 


CDF2 


Excl. D^TT 


02- 


-04 


1.661 ±0.027 ±0.013 


[62]P 


BABAR 


Exclusive 


99- 


-00 


1.673 ±0.032 ±0.023 


[67] 


Belle 


Exclusive 


00- 


-03 


1.635 ±0.011 ±0.011 


[72] 



Average 1.639 ±0.009 



" The combined DELPHI result quoted in [52] is 1.70 ± 0.09 ps. 

The combined SLD result quoted in [58] is L66 ± 0.06 ± 0.05 ps. 
P Preliminary. 



• for BABAR measurements - alignment, z 
apphcable); 

• for D0 and CDF Run II measurements - 
The resultant averages are: 

r{B') = 
r{B^) = 
T{B^)/r{B') = 

3.2.4 lifetime 



scale, PEP-II boost, sample composition (where 
- alignment (separately within each experiment). 

: 1.530 ± 0.008 ps, (31) 
: 1.639 ± 0.009 ps, (32) 
: 1.073 ±0.008. (33) 



Similar to the kaon system, neutral B mesons contain short- and long-lived components, since 
the light (L) and heavy (H) eigenstates, i?L and Sh, differ not only in their masses, but also in 
their widths with AF = Fl — Fh. In the case of the B^ system, AF,, can be particularly large. 
The current theoretical prediction in the Standard Model for the fractional width difference is 
ATs = 0.096 ± 0.039 [74], where F^ = (Fl ± Fh)/2. Specific measurements of AF^ and F^ are 
explained in Sec. I3.3.2[ but the result for F^ is quoted here. 

Neglecting CP violation in — B^ mixing, which is expected to be small [74] , the B^ mass 
eigenstates are also CP eigenstates. In the Standard Model assuming no CP violation in the 
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Table 8: Measurements of the ratio t{B^)/t{B^). 



Experiment 


Method 


Data set 


Ratio r(5+)/r(fi°) 


Ref. 


ALEPH 




91- 


-95 


1 


.085 ±0.059 ±0.018 


[49] 


ALEPH 


Exclusive 


91- 


-94 




1 97+0.23+0.03 

^■^ ' —0 iQ— n 02 


[50] 


DELPHI 




91- 


93 




1.00l°;}^±0.10 


[51] 


DELPHI 


Charge sec. vtx 


91- 


-93 




1.061^;}? ±0.10 


[52] 


DELPHI 


Charge sec. vtx 


94- 


-95 


1, 


.060 ± 0.021 ± 0.024 


[42] 


L3 


Charge sec. vtx 


94- 


-95 




1.09 ±0.07 ±0.03 


[54] 


OPAL 




91- 


93 




0.99 ±0.14+°:°^ 


[55] 


OPAL 


Charge sec. vtx 


93- 


-95 


1 


.079 ±0.064 ±0.041 


[56] 


SLD 


Charge sec. vtx i 


93- 


-95 




1.03l|]:}^ ± 0.09 


[58]" 


SLD 


Charge sec. vtx 


93- 


-95 




1.01+^[|^ ± 0.05 


[58] 


CDFl 




92- 


-95 




1.110 ±0.056+^30 


[59] 


CDFl 


Excl. J/ipK 


92- 


-95 


1 


.093 ±0.066 ±0.028 


[60] 


CDF2 


Excl. J/iIjK^*^ 


02- 


-06 


1 


.051 ±0.023 ±0.004 


[63]P 


CDF2 


Inch 


02- 


-04 




1.123 ±0.040lEJ;|J^^ 


[Q1]P 


CDF2 


Excl. Dti 


02- 


-04 




1.10 ±0.02 ±0.01 


[62]P 


D0 


D*+ij ratio 


02- 


-04 


1 


.080 ±0.016 ±0.014 


[73] 


BABM 


Exclusive 


99- 


-00 


1 


.082 ±0.026 ±0.012 


[67] 


Belle 


Exclusive 


00- 


-03 


1 


.066 ±0.008 ±0.008 


[72] 


Average 










1.073 ±0.008 





" The combined SLD result quoted in [58] is 1.01 ± 0.07 ± 0.06. 
P Preliminary. 



system, Fl is the width of the CP-even state and Fh the width of the CP-odd state. Final 
states can be decomposed into CP-even and CP-odd components, each with a different lifetime. 

In view of a possibly substantial width difference, and the fact that various decay channels 
will have different proportions of the i?L and i?H eigenstates, the straight average of all available 
B^ lifetime measurements is rather ill-defined. Therefore, the B^ lifetime measurements are 
broken down into four categories and averaged separately. 

• Flavor- specific decays, such as semileptonic Bg —>■ Dglv or Bs —>■ DsH, will have equal 
fractions of i?L and B^ at time zero, where tl = 1/Fl is expected to be the shorter-lived 
component and th = 1/Fh expected to be the longer-lived component. A superposition 
of two exponentials thus results with decay widths F^ ± ATs/2. Fitting to a single 
exponential one obtains a measure of the flavor-specific lifetime [75]: 

1+ /Ar. 



1 ^ ^ [IT 

r(B°.),. = ^ pf^. (34) 

1 - (ff ) 

As given in Table [9l the flavor-specific B^ lifetime world average is: 

r(S°)fa = 1.456 ± 0.030 ps . (35) 
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Table 9: Measurements of the lifetime. 



Experiment 


Method 


Data set 


r(i?0) (ps) 


Ref. 


ALEPH 


Dsi 


91-95 


1.54+^;}^ ± 0.04 


[76] 


CDFl 


Dsi 


92-96 


1.36 ±omtlf^ 


[77] 


DELPHI 


Dsi 


91-95 


lA2to\t ± 0.03 


[78] 


OPAL 


Dsi 


90-95 


1.50i|]:}^ ± 0.04 


[79] 


D0 


Dsjj, 


02-04 


1.398 ±0.044+°:°! 


[80] 


CDF2 


Ds7t{X) 


02-06 


1.518 ±0.041 ±0.025 


[81]P 


CDF2 




02-04 


1.381 ± 0.055+°:°^^ 


[82]P 


Average of flavor-specific measurements 


1.456 ±0.030 




ALEPH 


Dsh 


91-95 


1.47 ±0.14 ±0.08 


[83] 


DELPHI 


Dsh 


91-95 


1.53l[!-}^ ± 0.07 


[84] 


OPAL 


Ds inch 


90-95 


1 79+0.20+0.18 
'^-0.19-0.17 


[85] 


Average of all above Dg 


measurements 


1.459 ±0.030 




CDFl 




92-95 


IMV'ofl ± 0-05 


[48] 


CDF2 




02-06 


1.494 ±0^054 ±0.009 


[63]P 


D0 




02-04 


1.444+°-°^^ ± 0.02 


[65] 



Average of J/ip(f) measurements 1.477 ± 0.046 



Preliminary. 



This world average will be used later in Sec. I3.3.2l in combination with other measurements 
to find r(50) = l/F, and AF,. 

The following correlated systematic errors were considered: average B lifetime used in 
backgrounds, B^ decay multiplicity, and branching ratios used to determine backgrounds 
{e.g. B{B DgD)). A knowledge of the multiplicity of B^ decays is important for 
measurements that partially reconstruct the final state such as i? — *• DgX (where X is not 
a lepton). The boost deduced from Monte Carlo simulation depends on the multiplicity 
used. Since this is not well known, the multiplicity in the simulation is varied and this 
range of values observed is taken to be a systematic. Similarly not all the branching ratios 
for the potential background processes are measured. Where they are available, the PDG 
values are used for the error estimate. Where no measurements are available estimates 
can usually be made by using measured branching ratios of related processes and using 
some reasonable extrapolation. 

• — >■ D~^X decays. Included in Table |9] are measurements of lifetimes using samples 
of -Bg decays to Ds plus hadrons, and hence into a less known mixture of CP-states. 
A lifetime weighted this way can still be a useful input for analyses examining such an 
inclusive sample. These are separated in Table [9] and combined with the semileptonic 
lifetime to obtain: 

r(5°)B,x = 1-459 ± 0.030 ps . (36) 

• Fully exclusive — >■ J /ifxp decays are expected to be dominated by the CP-even 
state and its lifetime. First measurements of the CP mix for this decay mode are outlined 
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in Sec. I3.3.2[ CDF and D0 measurements from this particular mode 5^ —>■ J/ip(f) ^^^^6 
combined into an average given in Table [H There are no correlations between the mea- 
surements for this fully exclusive channel, and the world average for this specific decay 
is: 

T{B^s)jm = 1-477 ± 0.046 ps . (37) 

A caveat is that different experimental acceptances will likely lead to different admixtures 
of the CP-even and CP-odd states, and fits to a single exponential may result in inherently 
different measurements of these quantities. 

• Fully exclusive S° — > K'^K~ decays are expected to be CP even to within 5%, and 
hence measures the lifetime of the "light" mass eigenstate tl = The measurement 

of this lifetime from CDF in Run II [86] is: 

t{BI)k+k- = 1-53 ± 0.18 ± 0.02 ps, (38) 

and will be used as an input in Sec. 13.3.21 for the average described below. 

Finally, as will be shown in Sec. I3.3.2[ measurements of AF^, including separation into 
CP-even and CP-odd components, give 

r(S°) = l/F. = 1.515l°:°^^ps, (39) 

and when combined with the flavor-specific lifetime measurements: 

r(i?°) = l/F, = 1.4781°:°^° ps. (40) 



3.2.5 B+ lifetime 

There are currently three measurements of the lifetime of the B'^ meson from CDF [87, 88] and 
D0 [89] using the semileptonic decay mode B^ J/ipi and fitting simultaneously to the mass 
and lifetime using the vertex formed with the leptons from the decay of the J/ip and the third 
lepton. Correction factors to estimate the boost due to the missing neutrino are used. In the 
analysis of the CDF Run I data [87], a mass value of 6.40±0.39±0.13 GeV/c^ is found by fitting 
to the tri-lepton invariant mass spectrum. In the CDF and D0 Run II results [88,89], the B^ 
mass is assumed to be 6285.7 ± 5.3 ± 1.2 MeV/c^, taken from a CDF result [90]. These mass 
measurements are consistent within uncertainties, and also consistent with the most recent 
precision determination from CDF of 6275.6 ± 2.9 ± 2.5 MeV/c^ [91]. Correlated systematic 
errors include the impact of the uncertainty of the B^ pt spectrum on the correction factors, 
the level of feed-down from ^(25*), MC modeling of the decay model varying from phase space 
to the ISGW model, and mass variations. Values of the B^ lifetime are given in Table [10] and 
the world average is determined to be: 

r{B+) = 0.461 ± 0.036 ps . (41) 
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Table 10: Measurements of the B'^ lifetime. 



Experiment 


Method 


Data set 


r{Bt) (ps) 


Ref. 


CDFl 
CDF2 
D0 


J /ipH 


92-95 
02-06 
02-06 


0.46+^-^^ ± 0.03 
0.475+[J:i]^^ ± 0.018 
0.448+[}:|]| ± 0.032 


[87] 

[88]P 

[89] 


Average 






0.461 ±0.036 





Preliminary. 



3.2.6 and b-baryon lifetimes 

The most precise measurements of the 6-baryon lifetime originate from two classes of partially 
reconstructed decays. In the first class, decays with an exclusively reconstructed baryon 
and a lepton of opposite charge are used. These products are more likely to occur in the decay 
of baryons. In the second class, more inclusive final states with a baryon (p, p. A, or A) and 
a lepton have been used, and these final states can generally arise from any h baryon. 

The following sources of correlated systematic uncertainties have been considered: exper- 
imental time resolution within a given experiment, 6-quark fragmentation distribution into 
weakly decaying b baryons, A^ polarization, decay model, and evaluation of the 6-baryon purity 
in the selected event samples. In computing the averages the central values of the masses are 
scaled to M(yl°) = 5620 ± 2 MeV/c^ [92] and M(6-baryon) = 5670 ± 100 MeV/c^. 

For the semi-inclusive lifetime measurements, the meaning of decay model systematic un- 
certainties and the correlation of these uncertainties between measurements are not always 
clear. Uncertainties related to the decay model are dominated by assumptions on the fraction 
of n-body semileptonic decays. To be conservative it is assumed that these are 100% correlated 
whenever given as an error. DELPHI varies the fraction of 4-body decays from 0.0 to 0.3. In 
computing the average, the DELPHI result is corrected to a value of 0.2 ± 0.2 for this fraction. 

Furthermore, in computing the average, the semileptonic decay results from LEP are cor- 
rected for a polarization of — 0.45tQ}y [2] and a A^ fragmentation parameter {Xe) = 0.70 ± 
0.03 [93]. 

Inputs to the averages are given in Table [TTl Note that the CDF ylf, J/ipA lifetime 
result [63] is 4. Oct larger than the world average computed excluding this result. It is nonetheless 
combined with the rest without adjustment of input errors. The world average lifetime of h 
baryons is then: 

(r(6-baryon)) = 1.311 ± 0.040 ps . (42) 

Keeping only /Ij^^, A^~i^ , and fully exclusive final states, as representative of the baryon, 
the following lifetime is obtained: 

T(yl^) = 1.379 ±0.051 ps. (43) 

Averaging the measurements based on the E^t^ final states [22-24] gives a lifetime value 
for a sample of events containing 5"° and baryons: 

(r(H,)) = 1.42^0:^8 ps. (44) 
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Table 11: Measurements of the 6-baryon lifetimes. 



Experiment Method 


Data set 


Lifetime (ps) 


Ref. 


ALEPH 




91- 


-95 


1.18+^:i^±0.03 


[21]" 


ALEPH 




91- 


-95 


l.SOtill ± 0.04 


[21]" 


CDFl 


Ati 


91- 


-95 


1.32 ±0^15 ±0.07 


[94] 


CDF2 


j/i)A 


02- 


-06 


1.580 ±0.077 ±0.012 


[63]P 


D0 


J/lpA 


02- 


-06 


1.218+[J-}?^ ± 0.042 


[66]'' 


D0 


Atfi 


02- 


-06 


1 9Qn+0-119+0-087 

±.Z»U_Q ]^;^0-0.091 


[95]'' 


DELPHI 


Ati 


91- 


-94 


l.lll°;J^±0.05 


[96]'= 


OPAL 


A+i, Ai-i+ 


90- 


-95 


1.29tilt ± 0.06 


[79] 


Average of 


above 8 (A^ lifet 


ime) 




1.379 ±0.051 




ALEPH 


Ae 


91- 


-95 


1.20 ±0.08 ±0.06 


[21] 


DELPHI 


Ain vtx 


91- 


-94 


1.16 ±0.20 ±0.08 


[96]^= 


DELPHI 


Afi i.p. 


91- 


-94 




[97]" 


DELPHI 


pi 


91- 


-94 


1.19 ±0.14 ±0.07 


[96]'= 


OPAL 


Ai i.p. 


90- 


-94 


1.21+^:J^ ± 0.10 


[98]'^ 


OPAL 


Ai vtx 


90- 


-94 


1.15 ± 0.12 ± 0.06 


[98]'^ 


Average of above 14 (6-baryon lifetime) 


1.311 ±0.040 




ALEPH 

DELPHI 

DELPHI 


Si 
Si 
Si 


90- 
91- 
92- 


-95 
-93 
-95 


1 qc:+U.3V+U.i5 
±.00_g 28_o.i7 

1.5l°i±0.3 
1.45+°-i ± 0.13 


[22] 

[24]" 
[23f 


Average of above 3 (^;, lifet 


ime) 




1 AO+'J-^^ 

-'-•^'^-0.24 





" The combined ALEPH result quoted in [21] is 1.21 ± 0.11 ps. 

^ The combined D0 result quoted in [95] is 1.25lt^:JJ^6 P^- 

" The combined DELPHI result quoted in [96] is 1.14 ± 0.08 ± 0.04 ps. 

The combined OPAL result quoted in [98] is 1.16 ± 0.11 ± 0.06 ps. 
"= The combined DELPHI result quoted in [23] is 1.48t|^;3'j' ± 0-12 ps. 
^ Preliminary. 



3.2.7 Summary and comparison with theoretical predictions 

Averages of lifetimes of specific 6-hadron species are collected in Table [121 As described in 
Sec. 13.21 Heavy Quark Effective Theory can be employed to explain the hierarchy of t{B^) <C 
r(/l°) < f(i?°) ^ t(-B°) < t{B^), and used to predict the ratios between lifetimes. Typical 
predictions are compared to the measured lifetime ratios in Table [T^ A recent prediction of the 
ratio between the and lifetimes, is 1.06 ±0.02 [36], in good agreement with experiment. 

The total widths of the B^ and B^ mesons are expected to be very close and differ by 
at most 1% [37,99]. However, the experimental ratio r(-Bg)/r(_B°), where r(-B°) = l/P^ is 
obtained from AF^ and flavour-specific lifetime measurements, appears to be smaller than 1 by 
(3.4 ± 1.5)%, at deviation with respect to the prediction. 

The ratio t{A^) /t{B^) has particularly been the source of theoretical scrutiny since earlier 
calculations [33,100] predicted a value greater than 0.90, almost two sigma higher than the world 
average at the time. Many predictions cluster around a most likely central value of 0.94 [101]. 
More recent calculations of this ratio that include higher-order effects predict a lower ratio 
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Table 12: Summary of lifetimes of different 6-liadron species. 



6-hadron species Measured lifetime 

~B+ 1.639 ±0.009 ps 

1.530 ± 0.008 ps 

5° flavor speciflc) 1.456 ± 0.030 ps 

B° J/ip^) 1.477 ± 0.046 ps 

5° (1/r.) 1.478;°:°^° ps 

B+ 0.461 ± 0.036 ps 

A° 1.379 ± 0.051 ps 

Sb mixture l-42lo:24 PS 

fe-baryon mixture 1.311 ± 0.040 ps 

6-hadron mixture 1.568 ± 0.009 ps 



Table 13: Measured ratios of 6-hadron lifetimes relative to the B^ lifetime and ranges predicted 
by theory [36, 37]. 



Lifetime ratio 


Measured value 


Predicted range 


r(5+)/r(i?°) 


1.073 ±0.008 


1.04 


- 1.08 


r{B^,)/riBr 


0.966 ±0.015 


0.99 


- 1.01 


r{A'b)/r{B^) 


0.901 ±0.034 


0.86 


- 0.95 


r(6-baryon)/r(5°) 


0.857 ±0.026 


0.86 


- 0.95 



Using r(B°) = l/F, = 2/{Ti^ + Th). 



between the and B^ lifetimes [36, 37] and reduce this difference. References [36, 37] present 
probability density functions of their predictions with variation of theoretical inputs, and the 
indicated ranges in Table [13] are the RMS of the distributions from the most probable values. 
Again, the CDF measurement of the Ab lifetime in the exclusive decay mode J/ipA [63] is 
signiflcantly higher than the world average before inclusion, with a ratio to the t{B^) world 
average of t{A^)/t{B'^) = 1.042 ±0.057, resulting in continued interest in lifetimes of b baryons. 



3.3 Neutral S-meson mixing 

The B^ — B^ and B^ — B^ systems both exhibit the phenomenon of particle-antiparticle mixing. 
For each of them, there are two mass eigenstates which are linear combinations of the two flavour 
states, B and B. The heaviest (lightest) of the these mass states is denoted B^ (-Bl), with 
mass TrtH (mi,) and total decay width Fh (Fl). We deflne 



Am = mH — TTiL , X = Am/r , (45) 

AF=Fl-Fh, |/ = AF/(2F), (46) 
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cos(Amt)] 
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-B) = 


^ [cosh (ft) - 


cos(Amt)] 


2 

9 

p 


V{B - 


-B) = 


elll [cosh (ft) - 


cos(Amt)] 


2 

p 




-B) = 


^ [cosh (ft) + 


cos(Amt)] 





where F = (rH + rL)/2 = 1/t{B) is the average decay width. Am is positive by definition, and 
Ar is expected to be positive within the Standard Modelj^ 

There are four different time-dependent probabihties describing the case of a neutral B 
meson produced as a flavour state and decaying to a flavour-speciflc flnal state. If CPT is 
conserved (which will be assumed throughout), they can be written as 



(47) 



where t is the proper time of the system {i.e. the time interval between the production and the 
decay in the rest frame of the B meson). At the B factories, only the proper-time difference 
At between the decays of the two neutral B mesons from the T{4S) can be determined, but, 
because the two B mesons evolve coherently (keeping opposite flavours as long as none of them 
has decayed), the above formulae remain valid if t is replaced with At and the production 
flavour is replaced by the flavour at the time of the decay of the accompanying B meson in a 
flavour-speciflc state. As can be seen in the above expressions, the mixing probabilities depend 
on three mixing observables: Am, AF, and Iq/pl"^ which signals CP violation in the mixing if 
\q/p\' ^ 1. 

In the next sections we review in turn the experimental knowledge on these three parameters, 
separately for the B^ meson (Am^, AF^, \q/p\d) and the 5° meson (Am^, AF^, \q/p\s)- 



3.3.1 mixing parameters 



CP violation parameter \q/p\d 

Evidence for CP violation in B^ mixing has been searched for, both with flavor-speciflc 
and inclusive B^ decays, in samples where the initial flavor state is tagged. In the case of 
semileptonic (or other flavor-specific) decays, where the final state tag is also available, the 
following asymmetry 



Ad 



A^(F^(t) ^ i+uiX) - N{B%t) rVeX) 
N(B\t) i+i^eX) + N{B^{t) i-V^X) 



\p/(l\l 



\(l/P?d 



\p/q\l+\<i/p\l 



(4J 



has been measured, either in time-integrated analyses at CLEO [102-104], CDF [105, 106] 
and D0 [32], or in time-dependent analyses at OPAL [107], ALEPH [108], BABAR [109-112] 
and Belle [113]. In the inclusive case, also investigated and published at ALEPH [108] and 
OPAL [114], no final state tag is used, and the asymmetry [115] 



N{B%t) all) - N{W{t) all) 



Ar(50(t) 



all) + N{B\t) 



all) 



Ad 



SL 



Amrf 
2F^ 



sin(Amd t) — sin^ 



Am^t 



(49) 



^For reason of symmetry in Eqs. (|45|) and ([46l) . AF is sometimes defined with the opposite sign. The 
definition adopted here, i.e. Eq. ()46p . is the one used by most experimentafists and many phenomenologists in 
B physics. 



33 



must be measured as a function of the proper time to extract information on CP violation. In 
all cases asymmetries compatible with zero have been found, with a precision limited by the 
available statistics. 

A simple average of all measurements performed at B factories [103,104,109,111-113] yields 



or, equivalently through Eq. (jl8 



Aj^ = -0.0047 ± 0.0046 (50) 



= 1.0024 ±0.0023. (51) 

Analyses performed at higher energy, either at LEP or at the Tevatron, can't separate the 
contributions from the and B^ mesons. Under the assumption of no CP violation in B^ 
mixing, a number of these analyses [32, 107, 108, 114] quote a measurement of or \q/p\d 
for the B^ meson. Combining these results, as well as that of a recent preliminary CDF 
analysis [1060, with the above B factory averages leads to 



= -0.0058 ± 0.0034 
\q/p\^ = 1.0030 ±0.0017 



I if^|L = 0, \q/p\s = l. (52) 



These result^, summarized in Table [HI are compatible with no CP violation in the B^ mixing, 
an assumption we make for the rest of this section. 

Mass and decay width differences Am^ and AF^ 

Many time- dependent B^-B^ oscillation analyses have been performed by the ALEPH, 
BABAR, Belle, CDF, D0, DELPHI, L3 and OPAL collaborations. The corresponding mea- 
surements of Am^ are summarized in Table [151 where only the most recent results are listed 
{i.e. measurements superseded by more recent ones have been omitted). Although a variety 
of different techniques have been used, the individual Arrid results obtained at high-energy 
colliders have remarkably similar precision. Their average is compatible with the recent and 
more precise measurements from the asymmetric B factories. The systematic uncertainties 
are not negligible; they are often dominated by sample composition, mistag probability, or 
6-hadron lifetime contributions. Before being combined, the measurements are adjusted on 
the basis of a common set of input values, including the averages of the 6-hadron fractions 
and lifetimes given in this report (see Sees. 13.11 and 13. 2p . Some measurements are statisti- 
cally correlated. Systematic correlations arise both from common physics sources (fractions, 
lifetimes, branching ratios of b hadrons), and from purely experimental or algorithmic effects 
(efficiency, resolution, flavour tagging, background description). Combining all published mea- 
surements listed in Table [15] and accounting for all identified correlations as described in [2] 
yields Am^ = 0.508 ± 0.003 ± 0.003 ps'^ 

On the other hand, ARGUS and CLEO have published measurements of the time-integrated 
mixing probability Xd [102,103,134], which average to Xd = 0.182 ±0.015. Following Ref. [103], 
the width difference AF^ could in principle be extracted from the measured value of F^ = 



low-statistics analysis published by CDF using the Run I data [105] has not been included. 
^Early analyses and (perhaps hence) the PDG use the complex parameter = {p — q) / {p + q)', if CP 
violation in the mixing in small, = 4Re(eB)/(l + [esp) and our current averages are Re(eB)/(l + lesp) = 
-0.0012 ± 0.0011 (B factory measurements only) and -0.0015 ± 0.0008 (all measurements). 
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Table 14: Measurements of CP violation in mixing and their average in terms of both A'L 
and \q/p\d- The individual results are listed as quoted in the original publications, or convertecO 
to an value. When two errors are quoted, the first one is statistical and the second one 
systematic. The second group of measurements, performed at high-energy colliders, assume no 
CP violation in 5^ mixing, i.e. \q/p\s = 1- 



Measured Ai 



Exp. & Ref. 



Method 



SL 



Measured \q/p\d 



CLEO [103] 
CLEO [104] 
CLEO [104] 
BABAR [109] 
BABAR [111] 
BABAR [112]P 
Belle [113] 



partial hadronic rec. 

dileptons 
average of above two 
full hadronic rec. 

dileptons 
part. rec. D*ii> 
dileptons 



+0.017 ±0.070 ±0.014 
±0.013 ±0.050 ±0.005 
±0.014 ±0.041 ±0.006 



-0.0130 ±0.0068±0.0040 
-0.0011 ±0.0079±0. 0085 



1.029 ±0.013 ±0.011 
0.9992 ±0.0027±0.0019 
1.0065 ±0.0034±0.0020 
1.0005 ±0.0040±0. 0043 



Average of 7 above -0.0047 ± 0.0046 (tot) 1.0024 ± 0.0023 (tot) 



OPAL [107] 


leptons 


±0.008 ±0.028 ±0.012 


OPAL [114] 


inclusive (Eq. (H^) 


±0.005 ±0.055 ±0.013 


ALEPH [108] 


leptons 


-0.037 ±0.032 ±0.007 


ALEPH [108] 


inclusive (Eq. fH9l)) 


±0.016 ±0.034 ±0.009 


ALEPH [108] 


average of above two 


-0.013 ± 0.026 (tot) 


D0 [32] 


dimuons 


-0.0092 ±0.0044±0.0032 


CDF2 [106]P 


dimuons 


±0.0136 ±0.0151±0.0115 




Average of 14 above 


-0.0058 ± 0.0034 (tot) 1.0030 ± 0.0017 (tot) 



P Preliminary. 



l/r(B°) and the above averages for Arrid and Xd (provided that AF^ has a negligible impact 
on the Arrid t(B°) analyses that have assumed AF^ = 0), using the relation 

x5±?/? , Arrid AFrf , , 

Xd = r with Xfi = — - — and = — :— . (53) 

^ 2{xl ±1) Frf ^ 2Frf ^ ^ 

However, direct time- dependent studies provide much stronger constraints: |AFrf|/Frf < 18% 
at 95% CL from DELPHI [118], and -6.8% < sign(ReAcp)AFd/Fd < 8.4% at 90% CL from 
BABAR [109], where \cp = {q/p)d{Acp/Acp) is defined for a CP-even final state (the sensitivity 
to the overall sign of sign(ReAcp)AFrf/Fd comes from the use of B° decays to CP final states). 
Combining these two results after adjustment to l/F^ = t{B^) = 1.530 ± 0.008 ps yields 

sign(ReAcp) AFd/Fd = 0.009 ± 0.037 . (54) 

The sign of ReAcp is not measured, but expected to be positive from the global fits of the 
Unitarity Triangle within the Standard Model. 

Assuming AF^ = and using l/F^ = t(B°) = 1.530 ±0.008 ps, the Arrid and Xd results are 
combined through Eq. (153|) to yield the world average 

Amd = 0.507 ±0.004 ps^S (55) 
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Table 15: Time-dependent measurements included in the Am^ average. The results obtained 
from multi-dimensional fits involving also the (and B'^) lifetimes as free parameter(s) [69, 
71,72] have been converted into one-dimensional measurements of Am^. All the measurements 
have then been adjusted to a common set of physics parameters before being combined. The 
CDF results from Run II are preliminary. 



Experiment 


Method 


Amd in ps ^ 


Arrid in ps ^ 


and Ref. 


rec. 


tag 


before adjustment 


after adjustment 


ALEPH 


[116] 




Qjet 


0.404±0.045±0.027 




ALEPH 


[116] 


e 


I 


0.452±0.039±0.044 




ALEPH 


[116] 


above two combined 


0.422±0.032±0.026 


0.439±0.032 1^:°?° 


ALEPH 


[116] 


D* 


Qjet 


0.482±0.044±0.024 


0.482±0.044±0.024 


DELPHI 


[117] 


i 


Qjet 


0.493±0.042±0.027 


0.502±0.042±0.024 


DELPHI 


[117] 




Qjet 


0.499±0.053±0.015 


0.501±0.053±0.015 


DELPHI 


[117] 


e 


£ 


0.480±0.040±0.051 


0.498±0.040 tootl 


DELPHI 


[117] 


D* 


Qjet 


0.523±0.072±0.043 


0.518±0.072±0.043 


DELPHI 


[118] 


vtx 


comb 


0.531±0.025±0.007 


0.529±0.025±0.006 


L3 


[119] 


i 


i 


0.458±0.046±0.032 


0.467±0.046±0.028 


L3 


[119] 


e 


Qjet 


0.427±0.044±0.044 


0.437±0.044±0.042 


L3 


[119] 


e 




0.462±0.063±0.053 


0.474±0.063 t^"^ 


OPAL 


[120] 


e 


e 


0.430±0.043 


0.462±0.043 tooll 


OPAL 


[121] 


i 


Qjet 


0.444±0.029 tofir 


0.471±0.029 tofit 


OPAL 


[122] 


D*e 


Qjet 

e 


0.539±0.060±0.024 


0.544±0.060±0.023 


OPAL 


[122] 


D* 


0.567±0.089 to!^ll 


0.570±0.089 to!^l 


OPAL 


[123] 




Qjet 


0.497±0.024±0;025 


0.495±0.024±0!025 


CDFl 


[124] 


De 


SST 


0/171 +0-078 +0.033 
_o.o68 -0.034 


/171 +0.078 +0.033 
U.^/ 1 _o.068 -0.034 


CDFl 


[125] 


fi 




0.503±0.064±0.071 


0.514±0.064±0.070 


CDFl 


[126] 


i 


^1 Qjet 


0.500±0.052±0.043 


0.539±0.052±0.036 


CDFl 


[127] 


D*£ 


e 


0.516±0.099 to^ll 


0.522±0.099 t°Q^ll 


CDF2 


[128] 




OST 


0.509±0.010±0;016 


0.509±0.010±0;016 


CDF2 


[129] 




comb 


0.536±0.028±0.006 


0.536±0.028±0.006 


D0 


[130] 




OST 


0.506±0.020±0.016 


0.506±0.020±0.016 


BABAR 


[131] 




£, K, NN 


0.516±0.016±0.010 


0.519±0.016±0.008 


BABAR 


132 


i 




0.493±0.012±0.009 


0.489±0.012±0.006 


BABAR [71] 






0.511±0.007±0.007 


0.513±0.007±0.007 


BABAR [69] 




K, NN 


0.492±0.018±0.014 


0.491±0.018±0.013 


Belle [133] 


L)*7r(part) 


i 


0.509±0.017±0.020 


0.512±0.017±0.019 


Belle [8] 


i 


£ 


0.503±0.008±0.010 


0.506±0.008±0.009 


Belle [72] 


B°,D*iu 


comb 


0.511±0.005±0.006 


0.511±0.005±0.006 



World average (all above measurements included): 0.508±0.003±0.003 

- ALEPH, DELPHI, L3, OPAL and CDFl only: 0.495±0.010±0.009 

- Above measurements of BABAR and Belle only: 0.508±0.003±0.003 
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Table 16: Simultaneous measurements of Am^ and t{B^), and their average. The Belle anal- 
ysis also measures t{B^) at the same time, but it is converted here into a two-dimensional 
measurement of Am^ and t{B^), for an assumed value of t{B^). The first quoted error on the 
measurements is statistical and the second one systematic; in the case of adjusted measure- 
ments, the latter includes a contribution obtained from the variation of t{B^) or t{B~^)/t{B^) 
in the indicated range. Units are ps~^ for Am^ and ps for lifetimes. The three different val- 
ues of p(Amrf, t{B^)) correspond to the statistical, systematic and total correlation coefficients 
between the adjusted measurements of Am^ and t(S°). 

Exp. & Ref. Measured Am^ Measured t(B^) Measured t(B^) Assumed t(B~^) 
BABAR [69] 0.492±0.018±0.013 1.523±0.024±0.022 ~ (1.083 ± 0.017)r(5") 

BABAR [71] 0.511±0.007 tome 1.504±0.013 tofil — 1.671 ± 0.018 

Belle [72] 0.511±0.005±o!o06 1.534±0.008±0.010 1.635 ±0.011±0.011 — 

Adjusted Ania Adjusted r(i?") p{Amd,B^) Assumed r(5+) 

BABAR [69] 0.492±0.018±0.013 1.524±0.025±0.022 -0.22 +0.74 +0.16 (1.073±0.008)r(B0) 
BABAR [71] 0.512+0.007+0.007 1.506+0.013+0.018 +0.01 -0.85 -0.48 1.639+0.009 
Belle [72] 0.510+0.007+0.005 1.535+0.009+0.009 -0.27-0.08 -0.19 1.639+0.009 
Average 0.509+0.005+0.003 1.527+0.007+0.007 -0.19 -0.29 -0.23 1.639+0.009 



or, equivalently, 

Xrf = 0.777 + 0.008 and Xrf = 0.1881 + 0.0023 . (56) 

Figure H] compares the Am^ values obtained by the different experiments. 

The B° mixing averages given in Eqs. (!55l) and (!56l) and the 6-hadron fractions of Table H] 
have been obtained in a fully consistent way, taking into account the fact that the fractions are 
computed using the Xd value of Eq. (l56l) and that many individual measurements of Am^ at 
high energy depend on the assumed values for the 6-hadron fractions. Furthermore, this set of 
averages is consistent with the lifetime averages of Sec. 13.21 

It should be noted that the most recent (and precise) analyses at the asymmetric B factories 
measure Am^ as a result of a multi-dimensional fit. Two BABAR analyses [69,71], based on fully 
and partially reconstructed B° D*ii> decays respectively, extract simultaneously Am^ and 
r(B°) while the latest Belle analysis [72], based on fully reconstructed hadronic B° decays 
and B° — > D*ii' decays, extracts simultaneously Am^, t{B^) and t{B~^). The measurements 
of Arrid and t{B^) of these three analyses are displayed in Table [16] and in Fig. [51 Their 
two-dimensional average, taking into account all statistical and systematic correlations, and 
expressed at r(B+) = 1.639 + 0.009 ps, is 

tSt ^ t 1 -it" « toUl correlation of -0,23. (57) 

r(B^) = 1.527 + 0.010 ps J 



3.3.2 mixing parameters 



CP violation parameter \q/p\s 
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AT.FPH 
(3 analyses) 


1, ,1 1 

1 „ 


446 + 026 + 0019 n*;"^ 


DET.PHT * 
(5 analyses) 




519 + 018 + Oil ns"' 


(3 analyses) 


1 1 • 1 1 i 


444 + 028 + 028 


OPAL 
(5 analyses) 




479 + 018 + 015 us"' 


CDFl * 
(4 analyses) 


h 9^ — H 


0.495 ± 0.033 ± 0.027 ps"^ 


CDF2* 
(2 prel. analyses) 




0.517 ± 0.009 ± 0.013 ps"^ 


DO 

(1 analysis) 


1 

1 


0.506 ± 0.020 ± 0.016 ps"^ 


BABAR * 
(4 analyses) 


0.506 ± 0.006 ± 0.004 ps"^ 


BELLE * 
(3 analyses) 


0.509 ± 0.004 ± 0.005 ps'^ 


Average of above 
after adjustments 


1 


0.508 ± 0.004 ps"^ 


CLEO+ARGUS 
(Xj measurements) 


1 * 


0.494 ± 0.032 ps"^ 


World average 
End 2007 


H 

1,1,1,1, 


0.507 ± 0.004 ps"^ 



_J I I I I I I 

0.4 0.45 0.5 0.55 



HFAG average .j 
without adjustments ^'^d ^P'^ ^ 

Figure 4: The B^-B^ oscillation frequency Am^ as measured by the different experiments. The 
averages quoted for ALEPH, L3 and OPAL are taken from the original publications, while the 
ones for DELPHI, CDF, BABAR, and Belle have been computed from the individual results 
listed in Table [T5] without performing any adjustments. The time-integrated measurements of 
Xd from the symmetric B factory experiments ARGUS and CLEO have been converted to a 
Am^ value using t{B^) = L530 ± 0.008 ps. The two global averages have been obtained after 
adjustments of all the individual Am^ results of Table [15] (see text). 
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C/3 



gt).52 
<l 



0.5 



0.48 



BABAR 

D Iv part, reco 
88M BB 



HFAG 



End 2007 



AX-=l 
Stat only 
Stat + syst 




BELLE 

full hadr. + D*lv 
152M BB 



BABAR 

D"1v 
23M BB 



1.45 



1.5 



1.55 



1.6 



x(B ) in ps 



Figure 5: Simultaneous measurements of Am^ and t{B^) [69,71,72], after adjustment to a 
common set of parameters (see text). Statistical and total uncertainties are represented as 
dashed and solid contours respectively. The average of the three measurements is indicated by 
a hatched ellipse. 



Constraints on a combination of \q/p\d and \q/p\s (or equivalently Ag^^ and v4gL) have been 
explicitly quoted by the Tevatron experiments, using inclusive semileptonic decays of b hadrons: 



U"d XdAij^ + n XsAI,^) = +0.0015 ± 0.0038(stat) ± 0.0020(syst) 



f!,Z,Ai^ + f.ZsA 



SL 



+0.0080 ± 0.0090(stat) ± 0.0068(syst) 
-0.0023 ± O.OOll(stat) ± 0.0008(syst) 



CDFl [105] , (58) 
CDF2 [106] , (59) 

D0 [32] , (60) 



wher^ Zq = 1/(1 — y^) — 1/(1 + xj^ = 2x^/(1 — y^), q = d,s. In addition a first direct 
determination of and hence \q/p\s has been obtained by D0 by measuring the charge 
asymmetry of — > i^s/iz/ decays: 



+0.0245 ± 0.0193(stat) ± 0.0035(syst) D0 [136] 



(61) 



Given the average = —0.0047 + 0.0046 of Eq. fl50l) . obtained from results at B factories, 
as well as other averages presented in this chapter for the quantities appearing in Eqs. fl58l) . 



^In Ref. [135], the D0 result [32] was reinterpreted by replacing Xs/Xd with Zg/Zd- For simplicity, and 
since this has anyway a negligible numerical effect on our combined result of Eq. ()62|) . we follow the same 
interpretation and set Xq — ^ql'^ iii Eqs. ([58]) and (|60l) . We also set /' = fq. 
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CDF \L\L 
(Run I) 

CDF 
(1.6 fb ^) prel. 

DO|XLi 
(1.0 fb b 

DO D^lepton 
(1.3 fb ') 

Average 



1 1 1 1 1 1 1 1 1 1^1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

. 1 . 




H 

I 

N 

/ 

/ 




L , , 1 , , , , 1 , , , , 1 , , , , 1 , , 



Heavy Flavour 
Averaging Group 



-0.2 -0.1 0.1 0.2 0.3 0.4 



0.115 ±0.283 ±0.149 
0.026 ±0.021 ±0.017 
-0.006 ±0.006 ±0.008 
0.025 ±0.019 ±0.003 

0.002 ±0.009 



Figure 6: Measurements of w4|l, derived from CDF [105, 106] and D0 [32, 136] analyses and 
ajusted to the latest averages of v4gL, fe-hadron fractions and mixing parameters. The combined 



value of is also shown. 



( !59|) . and fl60|) . these four results are turned into measurements of (displayed in Fig. [6]) and 
combined to yield 

= +0.0016 ± 0.0054(stat) ± 0.0066(syst) = +0.0016 ± 0.0085 (62) 

or, equivalently through Eq. ( 148|) . 

\qlv\s = 0.9992 ± 0.0027(stat) ± 0.0033(syst) = 0.9992 ± 0.0042 . (63) 

The quoted systematic errors include experimental systematics as well as the correlated depen- 
dence on external parameters. These results are compatible with no CP violation in mixing, 
an assumption made in almost all of the results described below. 

Decay width difference AF^ 

Definitions and an introduction to AF^ can also be found in Sec. 13.2.41 Neglecting CP 
violation, the mass eigenstates are also CP eigenstates, with the short-lived state being CP- 
even and the long-lived one being CP-odd. Information on AF^ can be obtained by studying 
the proper time distribution of untagged data samples enriched in mesons [75]. In the case 
of an inclusive 5° selection [54] or a semileptonic i?° decay selection [77,78,80], both the short- 
and long-lived components are present, and the proper time distribution is a superposition of 
two exponentials with decay constants F^ ± AFs/2. In principle, this provides sensitivity to 
both Ts and (AF^/F^)^. Ignoring AF^ and fitting for a single exponential leads to an estimate 
of F<j with a relative bias proportional to (AF^/F^)^. An alternative approach, which is directly 
sensitive to first order in AF^/F,,, is to determine the lifetime of 5° candidates decaying to CP 
eigenstates; measurements exist for 5° — > J/^/J(f) [48,63,65] and B^ — * Di*^^Di*'^~, discussed 
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Table 17: Experimental constraints on ATs/Tg from lifetime analyses, assuming no (or very 
small SM) CP violation. The upper limits, which have been obtained by the working group, 
are quoted at the 95% CL. 



Experiment 


Method 


Ar,/r, 


Ref. 


L3 




lifetime of inclusive 6-sample 


< 0.67 


[54] 


DELPHI 




Bs D+tVlX, lifetime 


< 0.46 


[78] 


DELPHI 




Bs hadron, lifetime 


< 0.69 


[84] 


CDFl 




5° ^ J/ipcj), lifetime 


U.OO_g 42 


[48] 










CDF2 




J/V'^, time-dependent angular analysis 


o.o76+^:^^;^±o.oo6 ps-^ 


[138] 


D0 




-> J/ip4>, time-dependent angular analysis 


0.14±0.07ps-i 


[140] 



later, which are mostly CP-even states [137]. However, more recent time-dependent angular 
analyses of B^ —>■ J / ipcj) allow the simultaneous extraction of AF^ and the CP-even and CP- 
odd amplitudes [138-140]. Flavor tagging the 5° (or B^) that subsequently decays to J/ipcj) 
allows for a more effective extraction of the weak mixing phase as discussed later. The CDF 
analysis [138] that does not employ flavor tagging under the assumption of no CP violation 
provides a better measurement of AF^ and is used here, while the CDF analysis [139] that does 
use flavor tagging is used as an input for determining an average weak mixing phase in the 
next subsection. The D0 flavor-tagged B^ J/4'(p analysis [140] gives separate results both 
assuming the very small SM value of mixing-induced CP violation in the B^ system (effectively 
zero compared to current experimental resolution), and also allowing for large CP violation. 



Measurements quoting AF^ results from lifetime analyses are listed in Table [T7| under the 
hypothesis of no (or very small SM) CP violation. There is significant correlation between AF^ 
and l/Tg. In order to combine these measurements, the two-dimensional log-likelihood for each 
measurement in the (l/F^, AF^) plane is summed and the total normalized with respect to its 
minimum. The one-sigma contour (corresponding to 0.5 units of log-likelihood greater than 
the minimum) and 95% contour are found. Inputs as indicated in Table [T7] were used in the 
combination, with the exception of the L3 [54] result since the likelihood in this case was not 
available. 



Results of the combination are shown as the one-sigma contour labeled "Direct" in both 
plots of Fig. [71 Transformation of variables from (l/F^, AF^) space to other pairs of variables 
such as (l/Fg, AFs/F^) and (tl = 1/Fl, th = 1/Fh) are also made. The resulting one-sigma 
contour for the latter is shown in Fig. El^b). 
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Figure 7: AF^ combination results with one-sigma contours (Alog£ = 0.5) shown for (a) AFg 
versus r(i?g) = l/F^ and (b) tr = 1/Fh versus tl = 1/Fl. The red contours labeled "Direct" 
are the result of the combination of most measurements of Table [T71 the blue bands are the 
one-sigma contours due to the world average of flavor-specific 5° lifetime measurements, and 
the shaded region the combination constraints described in the text. In (b), the diagonal dashed 
line indicates Fl = Fh, i.e., where AF^ = 0. 



Numerical results of the combination of the described inputs of Table [T7] are: 

AF,/F, E [+0.024, +0.290] at 95% CL , (64) 

AF,/F, = +0.1541^65, (65) 
AF, G [+0.016, +0.192] ps"^ at 95% CL, (66) 
AF, = +0.102;°:°^3 pg-i ^ (g7) 

r(i?°) = l/r. = 1.515l°:°^^ps, (68) 
l/rL = rshort = 1.4071°:°^! ps, (69) 
l/FH = riong = 1.642+^83 PS- (70) 

Flavor-specific lifetime measurements are of an equal mix of CP-even and CP-odd states 
at time zero, and if a single exponential function is used in the likelihood lifetime fit of such a 
sample [75], 

1+ 

r(5°)fs = ^ y"'{, . (71) 

Using the world average flavor-specific lifetimdl^ofSec.lMaithe one-sigma blue bands shown in 

^°The world average of all B'^ lifetime measurements using flavour-specific final states is 1.456 ± 0.030 ps; 
however, for the purpose of the AFj extraction, we remove from this average one DELPHI analysis [78] that is 
already included in the set of "direct measurements" and obtain 1.458 ± 0.031 ps, shown as the blue bands on 
the two plots of Fig. [7l 
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Table 18: Measurements of ^ Dr^Dr~). 



F/Xneriment 


Method 


Value 


Ref. 


Belle 


i?°-pair production at T{5S) 


< 0.257 at 90% CL 


[18]'^ 


ALEPH 


(f)-(j) correlations 


0.077 ± 0.034t°-°| 


[142]^ 


D0 






[143] 


Average 




0.046 ± 0.022 




" This limit is 


for ^0 ^ D*+D*-. 






* Recalculated 


using the PDG 2006 value of B{Ds - 


(pn). 





Ar,/r, 


G 


[-0.003, +0.191] at 95% CL , 


Ar,/r, 




in nqq+0.048 
-t-u.uyy_Q , 


Ar, 


G 


[-0.002, +0.130] ps"^ at 95% CL 


Ar, 




+0 067+°-°^^ ns~^ 


r{B's) = 1/r. 




1 47S+0.020 


1/rL = Tshort 




i.4UO_o 033 Po , 


1/rH = Tlong 




1 e:e:4+0.051 



Fig. [7] are obtained. Higher-order corrections were checked to be negligible in the combination. 

As described earlier, — >■ K^K~ decays can be used to measure the lifetime of the "light" 
mass eigenstate tl = I/Ll = t{B^)k+k- = 1-53 ± 0.18 ± 0.02 ps [86], and this additional 
constraint is included in the combination shown in Fig. [3 

When the flavor-specific lifetime measurements and tl measurements are combined with the 
measurements of Table [T71 the shaded regions of Fig. [7| are obtained, with numerical results: 

(72) 
(73) 
(74) 
(75) 
(76) 
(77) 
(78) 

These results can be compared with the theoretical prediction of AF^ = 0.096 ± 0.039 ps^^ (or 
AFs = 0.088 ± 0.017 ps~^ if there is no new physics in Arris) [74]. 

Measurements of i3(5° ^ Di*^^Di*^~) can also be sensitive to AF,;. The decay 5^ D^D^ 
is into a final state that is purely CP even. Under various theoretical assumptions [137], the 
inclusive decay into this plus the excited states 5° Di*^^ Di*^~ is also CP even to within 
5%, and — > Di*^^ Di*''~ saturates rf^'^^'^'^. Under these assumptions, for no CP violation, 
we have: 

AF /F ~ 2ig(i?° ^ Di*^^Di*^-) 

I- B{B^s - Df^^D^;^-) ■ ^ ^ 

However, there are concerns [141] that the assumptions needed for the above are overly re- 
strictive and that the inclusive branching ratio may be CP even to only 30%. Due to this 
uncertainty, extracted values of AF^/Fs from this branching ratio are not included in the over- 
all combination but are only extracted here to compare with the world average result. 

Measurements for the branching fraction for this decay channel are shown in Table 
Using their average value of 0.046 ± 0.022 with Eq. fl79|) yields 



AF,/F, = +0.096 ± 0.048 , (80) 
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consistent with the value given in Eq. fl75]) . but with the above caveat. CDF has also measured 
the exclusive branching fraction B{B'^ DfD~) = {9.4^4^) x 10~^ [144], and they use this to 
set a lower bound of AFf^/Fs > 0.012 at 95% CL (since on its own it does not saturate the 
CP-even states). 

Weak phase in mixing 

In general there will be a CP-violating weak phase difference: 

0, = arg [-M12/F12] , (81) 

where M12 and F12 are the off-diagonal elements of the mass and decay matrices of the 
system. This is related to the observed AF^ through the relation: 

AF, = 2|Fi2|cos0,. (82) 

The SM prediction for this phase is tiny, = 0.004 [145]; however, new physics in mixing 
could change this observed phase to 

<Ps = <PT + <I>T- (83) 

The relative phase between the mixing amplitude and that of specific b ccs quark 
transitions such as for 5° or 5° J I '^4' the SM is [145, 146]: 

2/5f ^ = 2 arg [- (r^.V/J / (K.V;;)] = 0.037 ± 0.002 ^ 0.04. (84) 

This angle is analogous to the 13 angle in the usual CKM unitarity triangle aside from the 
negative sign (resulting in a positive angle in the SM). The same additional contribution due 
to new physics would show up in this observed phase [145], i.e.: 

2/?. = 2/?f^ - (85) 

The current experimental precision does not allow these small CP-violating phases (jyf^ and 
to be resolved, and for large new physics effect, we can approximate (ps ~ — 2/3s ~ 0^^, 
i.e., a significantly large observed phase would indicate new physics. 

For non-zero IF12I, analysis of the time-dependent decay B^ J can measure the weak 
phase. Including information on the 5° flavor at production time via flavor tagging improves 
precision and also resolves the sign ambiguity on the weak phase angle for a given AF^. Both 
CDF [139] and D0 [140] have performed such analyses and measure the same observed phase 
that we denote (jy'i^^'^ = —2(3s^^'^ to reflect the different conventions of the experiments. 

Under the assumption of non-zero in addition to the result listed in Table [TTl the 

D0 collaboration [140] has also made simultaneous fits allowing (p'l^^'^ to float while weakly 
constraining the strong phases, 5i to find: 

AF, = +0.19 ± 0.07l°:°? ps"^ , (86) 
t(S°) = 1/F, = 1.52 ±0.06 ps, (87) 
0W = -0.57l°:KSL (88) 

If the SM value of ipi^'^'^ = —0.04 is assumed, a probability of 6.6% to obtain a value of (pi^'^'^ 
lower than —0.57 is found. 
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The CDF analysis [139] reports confidence regions in the two-dimensional space of 2(3s^'^'^ 
and Ar^. They present a Feldman- Cousins confidence interval of 2(3i^^'^ where AF^ is treated 
as a nuisance parameter: 

2^ W = _0W g [0.32, 2.82] at 95% CL. (89) 

Note that only a confidence range is quoted and a point estimate is not given since biases were 
observed in the analysis. Assuming the SM predictions for 2(3 s and AF^, they find that the 
probability of a deviation as large as the level of the observed data is 15%. 

Given the consistency of these two measurements of the weak phase, as well as their de- 
viations from the SM, there is interest in combining the results and using in global fits, e.g., 
see Ref. [147]. To allow a combination on equal footing, the D0 collaboration has redone their 
fits [148] allowing strong phase values, 5j, to float as in the CDF analysis. Ensemble studies 
to test confldence level coverage were performed by both collaborations and used to adjust 
likelihood values to correspond to the usual Gaussian confldence levels. Two-dimensional like- 
lihoods were combined with the result shown in Fig. [8]^a). After the combination, consistency 
of the best flt values for (pi^'^'^ = —2(3i^'^'^ with SM predictions is at the level of 2.2(T, with 
numerical results for the two solutions given below. Despite possible biases in the CDF input, 
point estimates are still presented and the confldence level regions are straight projections onto 
the AFs or phase angle axes. 

AF, = +0.154;°;°^^ ps-i or -0.154^°:0^0ps-\ (90) 

G [+0.036, +0.264] U [-0.264, -0.036] ps"^ at 90% CL , (91) 

0W = -2/5W = -0.77+°:2?or -2.36+°:^^, (92) 

G [-1.47, -0.29] U [-2.85, -1.65] at 90% CL . (93) 

Further constraints were applied to the above sum of the CDF and D0 likelihoods, i.e., 
to the flavor-speciflc 5° lifetime world average of Eq. (!35|) through Eq. (!7T|) and to the world 
average 5^ semileptonic asymmetry of Eq. (j62l) through [149]: 

AF 

«4^L = ^tan<^,. (94) 

Confldence level regions following these constraints are shown in Fig. [8](b) including the region 
delineated by new physics traced by the relation of Eq. (182|) . Numerical results for the two 
solutions are: 

AF, = +0.054+n^;i ps-^ or - 0.054l°;°33 pg-^ , (95) 
G [-0.148, +0.148] ps"^ at 90% CL , (96) 
0W = _2/5W = -0.76t°l or - 2.37t°:^^ , (97) 
G [-1.26,-0.13] U [-3.00,-1.88] at 90% CL. (98) 

with a consistency of the best flt values with SM predictions of 2/5, at the level of 2Aa. 

Mass difference Am^ 

5° oscillations have been observed for the flrst time in 2006 by the CDF collaboration [150], 
based on samples of flavour-tagged hadronic and semileptonic 5° decays (in flavour-speciflc 
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Figure 8: (a) Confidence regions in 5° width difference AF^ and weak phase angle (^i^'^'^ = 
—2f3s^'^^ from combined CDF and D0 hkelihoods determined in flavor-tagged 5° — » J/ i/^cj) time- 
dependent angular analyses [139, 148] compared to the SM value of — 2/3f*^; (b) after adding 
constraints from the world average flavor-specific lifetime and semileptonic asymmetry, 
v4gL. The region allowed in new physics models given by AF^ = 2|Fi2| cos(/)s is also shown 
(light green band). 



final states), partially or fully reconstructed in 1 fb~^ of data collected during Tevatron's Run IF 
From the proper-time dependence of these B^ candidates, CDF observe B^ oscillations with a 
significance of at least 5a and measure Arus = 17.77±0.10±0.07ps-^ [150]. More recently, the 
D0 collaboration has obtained with 2.4 fb~^ an independent ~ 3a preliminary evidence for B^ 
oscillations; combining all their results [151] they obtain Am^ = 18.53 ± 0.93 ± 0.30 ps^^ [152]. 
To a good approximation, both the CDF and D0 results have Gaussian errors, and the world 
average value of Am^ can be obtained as a simple weighted average: 

Am, = 17.78 ±0.12 ps~^ (99) 

Multiplying this result with the mean 5° hfetime of Eq. ([76]), 1/F, = 1.478+|];[]22 PS, yields 

= = 26.3 ± 0.4 . (100) 

With 2ys = ATs/Ts = +0.099;o;o53 (see Eq. ([73])) and under the assumption of no CP violation 
in Bg mixing, this corresponds to 

2 2 

Xs = ^'t^\ = 0-49928 ± 0.00002 . (101) 
2[xl + 1) 

The ratio of the B^ and B^ oscillation frequencies, obtained from Eqs. fl55l) and fl99l) . 

Auia 

0.0285 ±0.0003, (102) 



Am, 

can be used to extract the following ratio of CKM matrix elements, 

Vtd 



V, 



ts 



Amdm{B^j ^ ^^^^ , nnnn+O.OOSO 



Am, m{B^ 



0.2061 ±0.0011T^S, (103) 
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where the first quoted error is from experimental uncertainties (with the masses m{B^) and 
m{B^) taken from [3]), and where the second quoted error is from theoretical uncertainties 
in the estimation of the SU(3) flavor-symmetry breaking factor ^ = 1.2101o'q35 obtained from 
lattice QCD calculations [153]. 

mesons were known to mix since many years. Indeed the time-integrated measurements 
of X (see Sec. I3.1.3p . when compared to our knowledge of Xd and the 6-hadron fractions, in- 
dicated that 5^ mixing was large, with a value of Xs close to its maximal possible value of 
1/2. However, the time dependence of this mixing could not be observed until recently, mainly 
because of lack of proper-time resolution to resolve the small period of the B^ oscillations. 
The statistical significance iS of a 5° oscillation signal can be approximated as [154] 



where is the number of selected and tagged 5° candidates, /sig is the fraction of -B^ signal 
in the selected and tagged sample, w is the total mistag probability, and at is the resolution 
on proper time. As can be seen, the quantity S decreases very quickly as Am^ increases: this 
dependence is controlled by at-, which is therefore the most critical parameter for Arris analyses. 
The method widely used for 5^ oscillation searches consists of measuring a -B^ oscillation 
amplitude A at several different test values of Am^, using a maximum likelihood fit based on 
the functions of Eq. fHTl) where the cosine terms have been multiplied by A. One expects ^ = 1 
at the true value of Am^ and ^ = at a test value of Am^ (far) below the true value. To a 
good approximation, the statistical uncertainty on A is Gaussian and equal to 1/5 [154]. In 
any analysis, a particular value of Am^ can be excluded at 95% CL if ^+ 1.645 < 1, where 
cr^ is the total uncertainty on A. Because of the proper time resolution, the quantity cr^(Ams) 
is an increasing function of Am^ (see Eq. fll04p which merely models l/(j^(Ams) in an analysis 
limited by the available statistics). Therefore, if the true value of Am^ were infinitely large, 
one expects to be able to exclude all values of Am^ up to Am^^"^**, where Am^*^"^, called here 
the sensitivity of the analysis, is defined by l.QAb a_A{Amf^^) = 1. 

Figure M shows the measured B^ amplitude as a function of Arris, as obtained by CDF 
(top) and D0 (middle) using Run II data. The recent D0 evidence of a B^ oscillation signal 
is consistent with the 2006 observation by CDF. A large number of B^ oscillation searches, 
already based on the amplitude method, had been performed previously by ALEPH [155], 
CDF (Run I) [156], DELPHI [78,84,118,157], OPAL [158,159] and SLD [160-162] (we omit 
references to searches that have been superseded by more recent ones). All the results published 
by these experiments (between 1997 and 2004) have been combined by averaging the measured 
amplitudes A at each test value of Arris. The individual results have been adjusted to common 
physics inputs, and all known correlations have been accounted for; in the case of the inclusive 
(lepton) analyses, performed at LEP and SLC, the sensitivities [i.e. the statistical uncertainties 
on A), which depend directly through Eq. fll04p on the assumed fraction /sig ~ /<, of 5° mesons 
in an unbiased sample of weakly-decaying b hadrons, have also been rescaled to the LEP average 
fs = 0.101 ± 0.009. The resulting average amplitude spectrum, completely dominated by the 
e~^e~ — i> Z experiments, is displayed as the bottom plot of Fig. [91 Although no significant signal 
is seen, it is interesting to note the hint in the region 15-20 ps~^, consistent with the recent 
results from the Tevatron. 




(104) 
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Figure 9: oscillation amplitude as a function of Am^. Top: CDF result based on Run II data, 
published in 2006 [150]. Middle: Average of all preliminary D0 results available at the end of 
2007 [151]. Bottom: Average of all ALEPH [155], DELPHI [78,84,118,157], OPAL [158,159], 
SLD [160,161], and CDF Run I [156] results published between 1997 and 2004. Statistical 
uncertainties dominate. Neighboring points are statistically correlated. 
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4 Measurements related to Unitarity Triangle angles 



The charge of the ^^CP{t) and Unitarity Triangle angles" group is to provide averages of mea- 
surements from time-dependent asymmetry analyses, and other quantities that are related to 
the angles of the Unitarity Triangle (UT). In cases where considerable theoretical input is 
required to extract the fundamental quantities, no attempt is made to do so at this stage. 
However, straightforward interpretations of the averages are given, where possible. 

In Sec. 14.11 a brief introduction to the relevant phenomenology is given. In Sec. 14.21 an 
attempt is made to clarify the various different notations in use. In Sec. 14.31 the common 
inputs to which experimental results are rescaled in the averaging procedure are listed. We 
also briefly introduce the treatment of experimental errors. In the remainder of this section, 
the experimental results and their averages are given, divided into subsections based on the 
underlying quark-level decays. 





Vus 


Vu, 






Vcb 


Vu 


Vts 


Vtb 



4.1 Introduction 

The Standard Model Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix V must be 
unitary. A 3 x 3 unitary matrix has four free parameters!"] and these are conventionally written 
by the product of three (complex) rotation matrices [253], where the rotations are characterized 
by the Euler angles 6*12, ^13 and ^23, which are the mixing angles between the generations, and 
one overall phase 5, 

C12C13 ■5i2Ci3 Si^e 

V = \ Vcd Vcs Vcb 1 = 1 -S12C23 - Ci2S23Si3e*'^ C12C23 - 512523^136*'^ S23C13 | (105) 

■5l2'S23 ~ 6120235136**^ — C12S23 — ^126235136*'^ C23C13 

where Cij = cos 6ij, Sij = sin Oij for i < j = 1, 2, 3. 

Following the observation of a hierarchy between the different matrix elements, the Wolfen- 
stein parameterization [254] is an expansion of V in terms of the four real parameters A (the 
expansion parameter). A, p and rj. Defining to all orders in A [255] 

■§12 = 

S23 = (106) 
sise-^' = AX%p-tr]), 

and inserting these into the representation of Eq. fll05p . unitarity of the CKM matrix is achieved 
to all orders. A Taylor expansion of V leads to the familiar approximation 

/ 1-AV2 A AX%p~ir]) 

V = \ -A 1 - AV2 A\^ \ + (A^) . (107) 

\ AX^l -p-tri) -AX^ 1 

At order A^, the obtained CKM matrix in this extended Wolfenstein parametrization is: 

l-iA^-iA^ A AX^{p-ir]) 

V=\ -X + lA'^X^l-2{p + ir])] l-iA2-iA4(l + 4.42) AX"^ | + O (A^) . (108) 

AX^[l-{l-^X^){p + ir])] -AX^ + lAX'^[l-2{p + ir])] 1 - i^^A^ 



In the general case there are nine free parameters, but five of these are absorbed into unobservable quark 
phases. 
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The non-zero imaginary part of the CKM matrix, which is the origin of CP violation in the 
Standard Model, is encapsulated in a non-zero value of r]. 

The unitarity relation V'^V = 1 results in a total of nine expressions, that can be written 
as '}2i=uct^ij^ik = Sjk, where 6jk is the Kronecker symbol. Of the off-diagonal expressions 
(j 7^ k), three can be transformed into the other three leaving six relations, in which three 
complex numbers sum to zero, which therefore can be expressed as triangles in the complex 
plane. More details about unitarity triangles can be found in [256-258]. 

One of these relations, 



cdVcb 



'tdVtb 



0, 



(109) 

is of particular importance to the B system, being specifically related to flavour changing 
neutral current h ^ d transitions. The three terms in Eq. (11091) are of the same order {O (A^)), 
and this relation is commonly known as the Unitarity Triangle. For presentational purposes, it 
is convenient to rescale the triangle by (KdKb)"^; shown in Fig. [TOl 

Two popular naming conventions for the UT angles exist in the literature: 



a 



arg 



arg 



ytdv:,. 



7 



arg 



;iio) 



In this document the (a, /?, 7) set is usedQ The sides and Rt of the Unitarity Triangle (the 
third side being normalized to unity) are given by 



Rii 



VcdV:, 



VfTt, Rt 



VcdVl 



where p and rj define the apex of the Unitarity Triangle [255] 



p + irj 



VcdV:, 



1 + 



VcdV;, VI - A^x^ + VT^A^x^p + IT]) 



;iii) 



(112) 



The relevant unitarity triangle for the i?° system is obtained by replacing d ^ s in Eq. 11091 Definitions 
of the set of angles (as,/3s,7s) can be obtained using equivalant relations to those of Eq. IllOi for example 
fig = a,Tg[—{VcsV*iJ / (VtsVil)]. This definition gives a value of (3s that is negative in the Standard Model, so 
that the sign is often flipped in the literature. 
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The exact relation between (p, rj) and (p, rj) is 



p + iri = , . (113) 

By expanding in powers of A, several useful approximate expressions can be obtained, in- 
cluding 

p = p(l-iA2) + 0(A^), r) = r^{l-h^) + 0{\'), Vu = A\\l - ir)) + 0{\') . (114) 



4.2 Notations 

Several different notations for CP violation parameters are commonly used. This section reviews 
those found in the experimental literature, in the hope of reducing the potential for confusion, 
and to define the frame that is used for the averages. 

In some cases, when B mesons decay into multibody final states via broad resonances (p, 
K*^ etc.), the experimental analyses ignore the effects of interference between the overlapping 
structures. This is referred to as the quasi-two-body (Q2B) approximation in the following. 



4.2.1 CP asymmetries 

The CP asymmetry is defined as the difference between the rate involving a h quark and that 
involving a h quark, divided by the sum. For example, the partial rate (or charge) asymmetry 
for a charged B decay would be given as 

A, ^ - /) - ns- - /) .,5^ 
^ V{B- f) + V{B+ ^ f) 



4.2.2 Time-dependent CP asymmetries in decays to CP eigenstates 



If the amplitudes for B^ and B^ to decay to a final state /, which is a CP eigenstate with 
eigenvalue ?7/, are given hy Af and Af, respectively, then the decay distributions for neutral B 
mesons, with known flavour at time At = 0, are given by 



r^o^/At) 
rBO^/(At) 



g-|At|/r(BO) 

4r(50) 

g-|At|/r(BO) 

4r(50) 



' 2Im(Af) . ,^ ^ , 
1 + rr44 sm(AmAt) 

1 + l^/r 



lA.P 



l + |AfP 



2Im(Af) . ^ , 1 

sm(AmAt) + - 

1 + A/- 



|A/| 



l + |AfP 



cos(AmAt) 



cos(AmAt) 



;ii6) 
;ii7) 



Here A/ = contains terms related to B^-B^ mixing and to the decay amplitude (the 

eigenstates of the effective Hamiltonian in the system are |-B±) = p ± q \ B^'^). This 

formulation assumes CPT invariance, and neglects possible lifetime differences (between the 
eigenstates of the effective Hamiltonian; see Section 13.31 where the mass difference Am is also 
defined) in the neutral B meson system. The case where non-zero lifetime differences are taken 
into account is discussed in Section 11.2. 61 The time-dependent CP asymmetry, again defined as 
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the difference between tfie rate involving a b quark and tliat involving a b quark, is then given 

by 



Af (At) 



Tgo^^jAt) -TBO^fjAt) _ 2Im(A/) 



- sin(AmAt) 




cos(AmAt). (118) 



While the coefficient of the sin(AmAt) term in Eq. (IllSp is everywhen 



■(£1 denoted Sf. 



2Im(Aj) 
l + \Xf\' 



2 ' 



(119) 



different notations are in use for the coefficient of the cos (Am At) term: 




-A 



f = 




(120) 



The C notation is used by the BABAR collaboration (see e.g. [261]), and also in this document. 
The A notation is used by the Belle collaboration (see e.g. [262]). 

Neglecting effects due to CP violation in mixing (by taking \ q/p\ = 1), if the decay amplitude 
contains terms with a single weak {i.e., CP violating) phase then |A/| = 1 and one finds 
Sf ^-?7/sin(0mix+0dec), Cf = 0, where 0mix = arg(g/p) and 0dec = aTg{Af/Af). Note that the 
j^o_j^o ]2iixing phase (pmix ~ 2/5 in the Standard Model (in the usual phase convention) [259,260]. 

If amplitudes with different weak phases contribute to the decay, no clean interpretation of 
Sf is possible. If the decay amplitudes have in addition different CP conserving strong phases, 
then I A/ 1 ^ 1 and no clean interpretation is possible. The coefficient of the cosine term becomes 
non-zero, indicating direct CP violation. The sign of Af as defined above is consistent with 
that of ^/ in Eq. (fTT^ . 

Frequently, we are interested in combining measurements governed by similar or identical 
short- distance physics, but with different final states {e.g., —>■ J/ipK^ and B^ —>■ J/ipK^). 
In this case, we remove the dependence on the CP eigenvalue of the final state by quoting 
—rjSf. In cases where the final state is not a CP eigenstate but has an effective CP content 
(see below), the reported —rjS is corrected by the effective CP. 

4.2.3 Time-dependent CP asymmetries in decays to vector-vector final states 

Consider B decays to states consisting of two spin-1 particles, such as J/ipK*^{-^ K^n^), 
D*+D*— and p^p^ , which are eigenstates of charge conjugation but not of parity!^ In fact, for 
such a system, there are three possible final states; in the helicity basis these can be written 
h_i, Hq, The Hq state is an eigenstate of parity, and hence of CP; however, CP transforms 
/i+i h_i (up to an unobservable phase). In the transversity basis, these states are transformed 
into = (/i+i + /i„i)/2 and /i^ = (/i+i — /i_i)/2. In this basis all three states are CP eigenstates, 
and h± has the opposite CP to the others. 

The amplitudes to these states are usually given by ^o,±,|| (here we use a normalization 
such that l^oP + + = !)• Then the effective CP of the vector-vector state is known 

Occasionally one also finds Eq. ()118|) written as ^/ {At) — ^'""^ sin(AmAi) + Aj" cos{Am At) , or similar. 
This is not true of all vector-vector final states, e.g., D*^p^ is clearly not an eigenstate of charge conju- 
gation. 
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if \A±\'^ is measured. An alternative strategy is to measure just the longitudinally polarized 
component, l^oP (sometimes denoted by /long), which allows a limit to be set on the effective 
CP since \A±\'^ < \A±\'^ + = 1 — |^oP- The most complete treatment for neutral B decays 
to vector-vector final states is time-dependent angular analysis (also known as time-dependent 
transversity analysis). In such an analysis, the interference between the CP-even and CP-odd 
states provides additional sensitivity to the weak and strong phases involved. 

In most analyses of time-dependent CP asymmetries in decays to vector-vector final states 
carried out to date, an assumption has been made that each helicity (or transversity) amplitude 
has the same weak phase. This is a good approximation for decays that are dominated by 
amplitudes with a single weak phase, such S° — > J/ipK*'^, and is a reasonable approximation 
in any mode for which only very limited statistics are available. However, for modes that have 
contributions from amplitudes with different weak phases, the relative size of these contributions 
can be different for each helicity (or transversity) amplitude, and therefore the time-dependent 
CP asymmetry parameters can also differ. The most generic analysis, suitable for modes with 
sufficient statistics, would allow for this effect; an intermediate analysis can allow different 
parameters for the CP-even and CP-odd components. Such an analysis has been carried out 
by BABAR for the decay 5° D*+D*- [329]. 

4.2.4 Time-dependent asymmetries: self-conjugate multiparticle final states 

Amplitudes for neutral B decays into self-conjugate multiparticle final states such as vr'^'TT^Tr", 
K'^K^Kg, J/ipTT'^Tr" or Dir^ with D — * Kg7r~^7r~ may be written in terms of CP-even and CP- 
odd amplitudes. As above, the interference between these terms provides additional sensitivity 
to the weak and strong phases involved in the decay, and the time-dependence depends on 
both the sine and cosine of the weak phase difference. In order to perform unbinned maximum 
likelihood fits, and thereby extract as much information as possible from the distributions, it is 
necessary to select a model for the multiparticle decay, and therefore the results acquire some 
model dependence (binned, model independent methods are also possible, though are not as 
statistically powerful). The number of observables depends on the final state (and on the model 
used); the key feature is that as long as there are regions where both CP-even and CP-odd 
amplitudes contribute, the interference terms will be sensitive to the cosine of the weak phase 
difference. Therefore, these measurements allow distinction between multiple solutions for, e.g., 
the four values of /3 from the measurement of sin(2/3). 

We now consider the various notations which have been used in experimental studies of 
time-dependent asymmetries in decays to self-conjugate multiparticle final states. 

^0 _^ £)(*)/iO _^ K^n+n- 

The states Dvr^, P)*7r°, Dr], D*r], Duo are collectively denoted D^*^h^. When the D decay 
model is fixed, fits to the time-dependent decay distributions can be performed to extract the 
weak phase difference. However, it is experimentally advantageous to use the sine and cosine of 
this phase as fit parameters, since these behave as essentially independent parameters, with low 
correlations and (potentially) rather different uncertainties. A parameter representing direct 
CP violation in the B decay can also be floated. For consistency with other analyses, this could 
be chosen to be Cj, but could equally well be |A/|, or other possibilities. 

Belle performed an analysis of these channels with sin(20i) and cos(20i) as free parame- 
ters [291]. BAR4R have performed an analysis floating also |A/| [292] (and, of course, replacing 
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01^/3). 



^0 D*+D*-K^ 

The hadronic structure of the D*^ D*^ Kg decay is not sufficiently well understood to 

perform a full time-dependent Dalitz plot analysis. Instead, following Browder et al. [277], 
BABAR [278] divide the Dalitz plane in two: m(D*+X°)2 > m{D*-Klf {r]y = +1) and 
m{D*'^Kgy < m{D*~K^y (rjy — —1); and then fit to a decay time distribution with asymmetry 
given by 

Af {At) = r]y^ cos(AmAi) - 
Jo 

A similar analysis has also been carried out by Belle [279]. The measured values arc 
^^sin(2/9) and ^^cos(2/9), where the parameters Jq, Jc, Jsi and Js2 arc the integrals over 
the half Dalitz plane m{D*+K^)'^ < m{D*~K^)'^ of the functions |ap + |ap, |ap - |ap, Re(aa*) 
and Im(aa*) respectively, where a and a are the decay amphtudes of S° — > D*'^D*~Kg and 
5° — > D*~^D*~K^ respectively. The parameter Js2 (and hence Jsil Jo) is predicted to be positive; 
with this assumption is it possible to determine the sign of cos(2/3). 

Studies of 5° ^ K+R-R^ [311] and of the related decay S+ ^ R+R-R+ [321,322], show 
that the decay is dominated by components from the intermediate R^R~ resonances 0(1020), 
/o(980), a poorly understood scalar structure that peaks near m{R'^R~) ~ 1550 MeV/c^ and 
is denoted Xo(1550), as well as a large nonresonant contribution. There is also a contribution 
from Xco- 

The full time-dependent Dalitz plot analysis allows the complex amplitudes of each con- 
tributing term to be determined from data, including CP violation effects {i.e. allowing the 
complex amplitude for the B^ decay to be independent from that for S° decay) , although one 
amplitude must be fixed to give a reference point. There are several choices for parametrization 
of the complex amplitudes {e.g. real and imaginary part, or magnitude and phase). Similarly, 
there are various approaches to include CP violation effects. Note that positive definite parame- 
ters such as magnitudes are disfavoured in certain circumstances (they inevitably lead to biases 
for small values). In order to compare results between analyses, it is useful for each experiment 
to present results in terms of the parameters that can be measured in a Q2B analysis (such as 
Af, Sf, Cf, sm{2(3^^), cos(2/5"fif), etc.) 

In the BABAR analysis of B^ — > R^R~ R^ [311], the complex amplitude for each resonant 
contribution is written as 

Af = c/(l + hf)e'^'^f+^f^ , Af = c/(l - hf)e'^'>'i-^f^ , (122) 

where 6/ and 5f introduce CP violation in the magnitude and phase respectively. [The weak 

phase in B^-B mixing (2/3) also appears in the full formula for the time-dependent decay 
distribution.] The Q2B direct CP violation parameter is directly related to 6/ 



?^sm(2/3)+,,?:^cos(2^() 
Jo Jo 



sin (Am At) 



:i2ii 
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BABAR present results for Cf, (j)f, Af and (3^^ for each resonant contribution, as well as 
averaged values of Af and P*^^ for the entire K^K~K^ Dalitz plot. 

studies of 5° ^ tx+t^-K^^ [316,323] and of the related decay B+ 7r+7r-K+ [321,324] show 
that the decay is dominated by components from intermediate resonances in the Kir {K*{892), 
Kq{14:30)) and tttt (p(770), /o(980), /2(1270)) spectra, together with a poorly understood scalar 
structure that peaks near m^rni) ~ 1300 MeV/c^ and is denoted /x(1300) (that could be 
identified as either the /o(1370) or /o(1500)), and a large nonresonant component. There is 
also a contribution from Xco- 

The full time-dependent Dalitz plot analysis allows the complex amplitudes of each con- 
tributing term to be determined from data, including CP violation effects. In the BABAR 
analysis [316], the magnitude and phase of each component (for both B^ and B^ decays) are 
measured relative to B^ — * fo{980)K^. These results are translated into quasi-two-body pa- 
rameters such as 2Pj^, Sf, Cf for each CP eigenstate /, and direct CP asymmetries for each 
flavour-specific state. Relative phase differences between resonant terms are also extracted. 

77 + 77-77° 

The B^ 71^71^71^ decay is dominated by intermediate p resonances. Though it is possible, 
as above, to determine directly the complex amplitudes for each component, an alternative 
approach, suggested by Quinn and Silva [345], has been used by both BABAR [354] and Belle [355, 
356]. The amplitudes for B° and B° to 7r"'"7r~7r° are written 

A3. = UA+ + + foAo , A3. = UA+ + /_A_ + foAo (124) 

respectively. A^, A_ and Aq represent the complex decay amplitudes for B° — ^ P^tt^, B^ 
p~Ti~^ and B° — >• p°7r° while A+, A_ and Aq represent those for B° P'^t^^ ■, B^ p^7r+ 
and B respectively. /+, /_ and /o incorporate kinematical and dynamical factors and 

depend on the Dalitz plot coordinates. The full time-dependent decay distribution can then 
be written in terms of 27 free parameters, one for each coefficient of the form factor bilinears, 
as listed in Table dni These parameters are often referred to as "the Us and Is" , and can be 
expressed in terms of A^, A_, Aq, A+, A_ and A^. If the full set of parameters is determined, 
together with their correlations, other parameters, such as weak and strong phases, direct CP 
violation parameters, eic, can be subsequently extracted. Note that one of the parameters 
(typically [/+) is often fixed to unity to provide a reference point; this does not affect the 
analysis. 

4.2.5 Time-dependent CP asymmetries in decays to non-CP eigenstates 

Consider a non-CP eigenstate /, and its conjugate /. For neutral B decays to these final 
states, there are four amplitudes to consider: those for B° to decay to / and f {Af and Aj, 
respectively), and the equivalents for B" {Af and Aj). If CP is conserved in the decay, then 
Af = Aj and Aj = Af. 

The time-dependent decay distributions can be written in many different ways. Here, we 

follow Sec. 14.2.21 and define A/ = and Aj = The time-dependent CP asymmetries 
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Parameter Description 
Coefficient of 
Coefficient of |/op 
Coefficient of I /_ 1 2 

Uq Coefficient of |/oP cos(AmAt) 

UI Coefficient of |/_ p cos(AmAt) 

Coefficient of cos(AmAt) 

Jo Coefficient of |/op sin(AmAi) 

J_ Coefficient of |/_ p sin(AmAt) 

/+ Coefficient of sin(AmAt) 

U:^'!"" Coefficient of Im[/+/I] 

?7+l^' Coefficient of Re [/+ fl ] 

U^'l"" Coefficient of Im[/+/I] cos(AmAt) 

Coefficient of Re[/+/I] cos(AmAt) 
Coefficient of Im[/+/:] sin(AmAt) 

1^1 Coefficient of Re[/+/:] sin(AmAi) 

Coefficient of Im [/+/*] 
U^t^ Coefficient of Re[/+/o*] 

U'^^"" Coefficient of Im[/+/*] cos(AmAt) 

U'^^" Coefficient of Re[/+/o*] cos(AmAt) 

Coefficient of Im[/+/*] sin(AmAt) 
Coefficient of Re[/+/o*] sin(AmAt) 



U^Q^ Coefficient of Im[/_/( 



OJ 



U^t^ Coefficient of Re[/_/o*] 
UZ^"^ Coefficient of Im[/_/*] cos(AmAt) 
UZ^^^ Coefficient of Re [/_ f^] cos( Am At) 
fZ^ Coefficient of Im[/_/*] sin(AmAt) 
Coefficient of Rej/./p*] sin(AmAt) 

Table 19: Definitions of the U and / coefficients. Modified from [354]. 



then follow Eq. (ITT5]) : 



Aj{At) ^ ^ = 5^sin(AmAt)-C^cos(AmAt), (125) 



Tf^oMAt) - roo^7(At) 
Aj{At) ^ / A. -ur A. = SjsmiAmAt)-CjcosiAmAt), (126) 



with the definitions of the parameters Cj, Sf, Cj and Sj, following Eqs. (11191) and (11201) . 
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./(At) = 


„-|At|/T(BO) 




./(At) = 


„-|At|/T(BO) 


Q^/ DON 


./(At) = 


g-|At|/r(i?0) 


8r(50) 


./(At) = 


g-|Ai|/r(i?«) 


8r(50) 



The time-dependent decay rates are given by 

g-|At|/r(i?0) 

Tgo^f{At) = ^^^p^^ (1 + (^^j)) {1 + 5/ sin(AmAt) - C/ cos(AmAt)} , (127) 

;i + {Afj)) {1 - Sf sin(AmAt) + C/ cos(AmAt)} , (128) 

^-\At\/r{BO) 

V^7(At) = _-^_j^(l-(^^^))|l-S'7sin(AmAt) + Cjcos(AmAt)}, (130) 

where the time-independent parameter (Aj-j) represents an overall asymmetry in the production 
of the / and / final states0 

(i^/i' +1^/1')- (1^/1' +i%r) 

(l^/l' + l^/l ) + (1^71+1^/1 ) 

Assuming \q/p\ = 1, the parameters Cf and Cj can also be written in terms of the decay 
amphtudes as follows: 

Cf= ' ^' J' and Cj= ^' 132 
l^/l +1^/1 l^/l +1^71 

giving asymmetries in the decay amplitudes of and 5° to the final states / and / respectively. 
In this notation, the direct CP invariance conditions are {A^j) = and Cf = —Cj. Note 
that Cf and Cj are typically non-zero; e.g., for a flavour-specific final state, Af = Aj = 
{Af = Aj = 0), they take the values Cf = -Cj = 1 {Cf = -Cj = -1). 

The coefficients of the sine terms contain information about the weak phase. In the case 
that each decay amplitude contains only a single weak phase {i.e., no direct CP violation), 
these terms can be written 

_ -2 |yl/| sin(0mix + 0dec - 5/) , „ -2\Aj\\Aj\sm{(f)^i^ + (j)dec + Sf) 
\Aff+\Af\ \Aj\ +\Aj\ 

(133) 

where 5/ is the strong phase difference between the decay amplitudes. If there is no CP 
violation, the condition Sf = ~Sj holds. If decay amplitudes with different weak and strong 
phases contribute, no clean interpretation of 5*/ and Sj is possible. 

Since two of the CP invariance conditions are Cf = —Cj and Sf = —Sj, there is motivation 
for a rotation of the parameters: 

S f -\- S-f S f — S-f C f -\- C-f Cf — C-j 



This parameter is often denoted Af (or Acp), but here we avoid this notation to prevent confusion with 
the time-dependent CP asymmetry. 
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With these parameters, the CP invariance conditions become S^j = and C^j = 0. The 
parameter AC^y gives a measure of the "flavour-specificity" of the decay: ACjj = ±1 corre- 
sponds to a completely fiavour-specific decay, in which no interference between decays with and 
without mixing can occur, while ACjj = results in maximum sensitivity to mixing- induced 
CP violation. The parameter ^Sjj is related to the strong phase difference between the decay 
amplitudes of to f and to /. We note that the observables of Eq. fll34p exhibit experi- 
mental correlations (typically of ~ 20%, depending on the tagging purity, and other effects) 
between Sjj and AS'jj, and between Cj^j and AC^j. On the other hand, the final state specific 
observables of Eq. (11251) tend to have low correlations. 

Alternatively, if we recall that the CP invariance conditions at the decay amplitude level 
are Af = Aj and Aj = Af, we are led to consider the parameters [271] 

\Aj\^-\Aff \Af\^-\Aj\^ 
'^/7= l-r |2 . . .2 and ^7/= 2 , . ,2 - (135) 
l^/l + l^/l 1^/1 + l^/l 

These are sometimes considered more physically intuitive parameters since they characterize 
direct CP violation in decays with particular topologies. For example, in the case of p^vr^ 
(choosing / = p+vr" and / = p~n~^), A^j (also denoted A'^~) parameterizes direct CP violation 
in decays in which the produced p meson does not contain the spectator quark, while Ajj (also 
denoted A~p^) parameterizes direct CP violation in decays in which it does. Note that we 
have again followed the sign convention that the asymmetry is the difference between the rate 
involving a h quark and that involving a h quark, c/. Eq. (11151) . Of course, these parameters 
are not independent of the other sets of parameters given above, and can be written 

They usually exhibit strong correlations. 

We now consider the various notations which have been used in experimental studies of 
time-dependent CP asymmetries in decays to non-CP eigenstates. 

The above set of parameters ((^jj), C/, Sf, Cj, Sj), has been used by both BABAR [327] 
and Belle [331] in the D*^D^ system (/ = D*+D-, J = D*-D+). However, slightly different 
names for the parameters are used: BABAR uses {A, C_+, S-j^)] Belle uses {A, C+, 

5+, C_, S-). In this document, we follow the notation used by BABAR. 

In the p^vr^ system, the {{Af-j), Cjj, Sjj, ^Cjj, AS'^j) set of parameters has been used 
originally by BABAR [352] and Belle [353], in the Q2B approximation; the exact name^ used 
in this case are {A'^p, CpT,, Sp-,,, AC p.,,, AS p.,,), and these names are also used in this document. 

Since p^vr^ is reconstructed in the final state 7r"'"7r~7r°, the interference between the p reso- 
nances can provide additional information about the phases (see Sec. I4.2.4p . Both BABAR [354] 
and Belle [355,356] have performed time-dependent Dalitz plot analyses, from which the weak 
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BaBAR has used the notations A^p [352] and ApT, [354] in place of A^'p. 



58 



phase OL is directly extracted. In such an analysis, the measured Q2B parameters are also 
naturally corrected for interference effects. See Sec. 14.2.41 

Time-dependent CP analyses have also been performed for the final states D^vr^, Z}*^7r^ 
and D^p^ . In these theoretically clean cases, no penguin contributions are possible, so there 
is no direct CP violation. Furthermore, due to the smallness of the ratio of the magnitudes 
of the suppressed [h u) and favoured {b — > c) amplitudes (denoted i?/), to a very good 
approximation, C/ = — Cj = 1 (using / = D^*^~h'^, f = D^*^~^h~ h = it, p), and the coefficients 
of the sine terms are given by 

5/ = -2i?/sin(0mix + </)doc - 5/) and Sj = -2i?/ sin(0mix + (/)dcc + i^/)- (137) 

Thus weak phase information can be cleanly obtained from measurements of Sf and Sj, al- 
though external information on at least one of Rf or 6f is necessary. (Note that ^mix + (pdcc = 
2/3-1-7 for the decay modes in question, while Rf and 6f depend on the decay mode.) 

Again, different notations have been used in the literature. BABAR [361,363] defines the 
time-dependent probability function by 

e-|At|/r 

f^{r], At) = — [1 T Sr sin(AmAt) t vCt cos(AmAi)] , (138) 

4r 

where the upper (lower) sign corresponds to the tagging meson being a (B^). [Note here 
that a tagging 5° (5°) corresponds to —S(^ (+3,^).] The parameters r] and ( take the values 
-|-1 and -|- (—1 and — ) when the final state is, e.g., D~tt^ {D^tt~). However, in the fit, the 
substitutions C(^ = 1 and Sc_ = a ^ rfhi — rjCi are made0 [Note that, neglecting b terms, 
S+ = a — c and S- = a + c, so that a = (5*+ -|- S-)/2, c = {S- — 5'+)/2, in analogy to the 
parameters of Eq. (11341) .] The subscript i denotes the tagging category. These are motivated by 
the possibility of CP violation on the tag side [366], which is absent for semileptonic B decays 
(mostly lepton tags). The parameter a is not affected by tag side CP violation. The parameter 
b only depends on tag side CP violation parameters and is not directly useful for determining 
UT angles. A clean interpretation of the c parameter is only possible for lepton-tagged events, 
so the BABAR measurements report c measured with those events only. 

The parameters used by Belle in the analysis using partially reconstructed B decays [364], 
are similar to the 5",^ parameters defined above. However, in the Belle convention, a tagging B^ 
corresponds to a -|- sign in front of the sine coefficient; furthermore the correspondence between 
the super /subscript and the final state is opposite, so that 5*^ (BABAR) = —S"^ (Belle). In this 
analysis, only lepton tags are used, so there is no effect from tag side CP violation. In the 
Belle analysis using fully reconstructed B decays [365], this effect is measured and taken into 
account using Z}*/z/ decays; in neither Belle analysis are the a, b and c parameters used. In the 
latter case, the measured parameters are 2i?£,(*)^ sin(20i -|- 03 ± 6d{*)^); the definition is such 
that (Belle) = — 2i?£).7r sin(20i -|- 03 ± 6D*Tr)- However, the definition includes an angular 
momentum factor (—1)^ [367], and so for the results in the Dtt system, there is an additional 
factor of —1 in the conversion. 

Explicitly, the conversion then reads as given in Table [201 where we have neglected the bi 
terms used by BABAR (which are zero in the absence of tag side CP violation). For the averages 

^"^ The subscript i denotes tagging category. 
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Table 20: Conversion between the various notations used for CP violation parameters in the 
D^TT^, D*^7r^ and D^p^ systems. The hi terms used by BABAR have been neglected. Recall 
that (a,/3,7) = (02,0i,03)- 







BABAR 


Belle partial rec. 


Belle full rec. 






= -(a + d) 


N/A 


2Rd7t sin(20i + 03 + Sd-k) 


Sd-tt+ 


-s+ 


= -(a - Ci) 


N/A 


2RDn sin(20i + 03 - Son) 


Sd*+tt- 




= — (a + Ci) 


S+ 


-2Rd*^ sin(20i + 03 + 5D*-n) 


Sd*-tt+ 


-s+ 


= -{a - d) 


s- 


-2RD*n Sin(20i + 03 - ^D'tt) 


Sn+p- 




= -(a + d) 


N/A 


N/A 


Sd-p+ 


-s+ 


= -{a - d) 


N/A 


N/A 



Table 21: Translations used to convert the parameters measured by Belle to the parameters 
used for averaging in this document. The angular momentum factor L is —1 for D*7r and +1 



for Dir. Recall that 


(a, 


= (02,01,^ 


h)- 








D*TT partial rec. 








D^*h full 


rec. 




a -{S+ + S-) 




-1)^+1 (2i?^(.,, 


sin(20i + 




+ 2i?£,(.)^ sin(20i + 


h - SdM^)) 


c -{S+ - S ) 


^1 


-1)-^+^ (2-Rd(.)^ 


sin(20i + 


h + SD(*)n] 


- 2i?^(,)^ sin(20i + 





in this document, we use the a and c parameters, and give the explicit translations used in 
Table [211 It is to be fervently hoped that the experiments will converge on a common notation 
in future. 

Time- dependent asymmetries in radiative B decays 

As a special case of decays to non-CP eigenstates, let us consider radiative B decays. Here, 
the emitted photon has a distinct helicity, which is in principle observable, but in practice is 
not usually measured. Thus the measured time-dependent decay rates are given by [334, 335] 

Tso^x^i^t) = r^o^x,JAi) + rso^;,,JAt) (139) 

-|At|/r(BO) 

{1 + {Sl + Sr) sin(AmAt) - {Cl + Cr) cos(AmAt)} , 



4r(50) 

Tso^x^iAt) = TBO^X',,{At) + TBO^x^^{At) (140) 



g-|At|/r(BO) 

4r(fi0) 



{1-{Sl + Sr) sin(AmAt) + {Cl + Cr) cos(AmAt)} 



where in place of the subscripts / and / we have used L and R to indicate the photon helicity. 
In order for interference between decays with and without B^-B^ mixing to occur, the X system 
must not be flavour-specific, e.g., in case of B^ — > K*^'^., the final state must be K The sign 
of the sine term depends on the C eigenvalue of the X system. At leading order, the photons 
from b —>■ qj (b ^ qj) are predominantly left (right) polarized, with corrections of order of 
mq/m,},, thus interference effects are suppressed. Higher order effects can lead to corrections of 
order yiQCD/'^ft [336,337], though exphcit calculations indicate such corrections are small for 
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exclusive final states [338,339]. The predicted smallness of the S terms in the Standard Model 
results in sensitivity to new physics contributions. 



4.2.6 Time-dependent CP asymmetries in the Bg System 

A complete analysis of the time-dependent decay rates of neutral B mesons must also take into 
account the lifetime difference between the eigenstates of the effective Hamiltonian, denoted 
by Ar. This is particularly important in the Bg system, since non-negligible values of AF^ are 
expected (see Section 1373) for the latest experimental constraints). Neglecting CP violation in 
mixing, the relevant replacements for Eqs. 11161 & 11171 are [280] 



r^-^/(At)=Ar^l£^ cosh(^)+ 



sin(AmAt) - cos(AmAt) - ^Jg^ sinh(^ 



(141) 



and 



TBo^fiAt) = ^^(go) cosh( 



' A^A^^ 
2 ' 



l^sin(AmAt) + ^ cos(AmAt) - l^sinh(^ 
To be consistent with our earlier notation]^ we write here the coefficient of the sinh term 

A complete, tagged, time- dependent analysis of CP asymmetries in Bg decays to a CP eigenstate 
/ can thus obtain the parameters Sf, Cj and A^^. Note that 

iSf)' + {Cff+{Af)' = l. (144) 

Since these parameters have sensitivity to both Im(A/) and Re(A/), alternative choices of 
parametrization, including those directly involving CP violating phases (such as f3s), are possi- 
ble. These can also be adopted for vector-vector final states. 
The untagged time-dependent decay rate is given by 



r^^^/At) + T^o^fiAt) = U ^^^^^^^ [cosh(^-) - ^^A^ smh(^^) . (145) 



, Ar At ^ 2 Re(A/) ^.^^ ^ Ar At ^] 



With the requirement Jj*^ r^^_^j(At) + T BO-^f{At)d{At) = 1, the normalization factor Af is 
fixed to 1 — (ff-)^. Note that an untagged time- dependent analysis can probe A/, through 
Re(Aj), when Ar 7^ 0. The tagged analysis is, of course, more sensitive. 

Other expressions can be similarly modified to take into account non-zero lifetime differ- 
ences. Note that when the final state contains a mixture of CP-even and CP-odd states (as, for 
example, for vector- vector or multibody self-conjugate states), that Re(A/) contains terms pro- 
portional to both the sine and cosine of the weak phase difference, albeit with rather different 
sensitivities. 



As ever, alternative and conflicting notations appear in the literature. One popular alternative notation 
for this parameter is ^Ar- Particular care must be taken over the signs. 
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4.2.7 Asymmetries in B — > (*) decays 

CP asymmetries in B ^ [)(*)}{(*) decays are sensitive to 7. The neutral D^*^ meson produced 
is an admixture of Z}(*)° (produced by a 6 — c transition) and D^*^'^ (produced by a colour- 
suppressed b ^ u transition) states. If the final state is chosen so that both Z)(*)° and Z}(*)° 
can contribute, the two amplitudes interfere, and the resulting observables are sensitive to 7, 
the relative weak phase between the two B decay amplitudes [368]. Various methods have been 
proposed to exploit this interference, including those where the neutral D meson is reconstructed 
as a CP eigenstate (GLW) [369,370], in a suppressed final state (ADS) [371,372], or in a self- 
conjugate three-body final state, such as i^^Tr+Tr" (Dalitz) [373,374]. It should be emphasised 
that while each method differs in the choice of D decay, they are all sensitive to the same 
parameters of the B decay, and can be considered as variations of the same technique. 

Consider the case of B^ DK^, with D decaying to a final state /, which is accessible to 
both and D^. We can write the decay rates for B~ and B^ (T^)' charge averaged rate 
(r = (r_ + r_|_)/2) and the charge asymmetry {A = (r_ — r_|_)/ (r_ + r+), see Eq. (11151) ) as 

(X rl + rl + 2rBrD cos {6b + SdTi), (146) 
r oc r\ + r'\) + 2rBrD cos {6b + 6d) cos (7) , (147) 
^ ^ 2rBrg sin {6b + 6d) sin (7) 

'^B + ^D + '^rsTD COS {6b + 6d) COS (7) , 

where the ratio of B decay amplitudeJ^ is usually defined to be less than one, 

\A{B- ^D''K-)\ , ^ 

and the ratio of D decay amplitudes is correspondingly defined by 

To = 150 

The strong phase differences between the B and D decay amplitudes are given by 6b and 6d, 
respectively. The values of td and 6d depend on the final state /: for the GLW analysis, = 1 
and 6b) is trivial (either zero or vr), in the Dalitz plot analysis r^j and 6b vary across the Dalitz 
plot, and depend on the D decay model used, for the ADS analysis, the values of rjj and 6d 
are not trivial. 

Note that, for given values of and ro, the maximum size of A (at sin {6b + 6d) = 1) is 
^tbTd sin (7) / (r^ + r^). Thus even for D decay modes with small rr,-, large asymmetries, and 
hence sensitivity to 7, may occur for B decay modes with similar values of r^. For this reason, 
the ADS analysis of the decay B^ Dn^ is also of interest. 

In the GLW analysis, the measured quantities are the partial rate asymmetry, and the 
charge averaged rate, which are measured both for CP-even and CP-odd D decays. For the 
latter, it is experimentally convenient to measure a double ratio, 

P _ r{B-^ DcpK-) /T{B-^ D'K-) 

- T {B- ^ DcpTT-) / T {B- ^ DH~) ^^^^^ 



Note that here we use the notation to denote the ratio of B decay amphtudes, whereas in Sec. 14.2.51 
we used, e.g., Rom for a rather similar quantity. The reason is that here we need to be concerned also with D 
decay amplitudes, and so it is convenient to use the subscript to denote the decaying particle. Hopefully, using 
r in place of R will help reduce potential confusion. 



62 



that is normahzed both to the rate for the favoured K~7[^ decay, and to the equivalent 

quantities for B~ Dn^ decays (charge conjugate modes are implicitly included in Eq. (11511) ). 
In this way the constant of proportionality drops out of Eq. (I147p . 

For the ADS analysis, using a suppressed D ^ f decay, the measured quantities are again 
the partial rate asymmetry, and the charge averaged rate. In this case it is sufficient to measure 
the rate in a single ratio (normalized to the favoured D ^ f decay) since detection systematics 
cancel naturally; the observed quantity is then 

In the ADS analysis, there are an additional two unknowns {ro and 6d) compared to the GLW 
case. However, the value of can be measured using decays of D mesons of known flavour. 

In the Dalitz plot analysis, once a model is assumed for the D decay, which gives the values 
of and 6e> across the Dalitz plot, it is possible to perform a simultaneous fit to the 
and B~ samples and directly extract 7, and 6b- However, the uncertainties on the phases 
depend approximately inversely on r^. Furthermore, tb is positive definite (and small), and 
therefore tends to be overestimated, which can lead to an underestimation of the uncertainty. 
Some statistical treatment is necessary to correct for this bias. An alternative approach is to 
extract from the data the "Cartesian" variables 

{x±, y±) = (Re(rBe'('^^±^)), lm{rBe'^^^^^^)) = (r^ cos{6b ±l),rB sm{6B ± 7)) • (153) 

These are (a) approximately statistically uncorrelated and (b) almost Gaussian. The pairs of 
variables {x±, y±) can be extracted from independent fits of the data samples. Use of these 
variables makes the combination of results much simpler. 

However, if the Dalitz plot is effectively dominated by one CP state, there will be ad- 
ditional sensitivity to 7 in the numbers of events in the B"^ data samples. This can be 
taken into account in various ways. One possibility is to extract GLW-like variables in ad- 
dition to the {x±,y±) parameters. An alternative proceeds by defining z± = x± + iy± and 
xo = — J Re[f{si, S2)f*{s2, Si)]dsids2, where si,S2 are the coordinates of invariant mass 
squared that define the Dalitz plot and / is the complex amplitude for D decay as a func- 
tion of the Dalitz plot coordinates!^ The fitted parameters (p^^O"^) are then defined by 

p^e^^* = z±-xo. (154) 

Note that the yields of B^ decays are proportional to 1 + (p^)^ — (a^o)^- This choice of variables 
has been used by BABAR in the analysis of B^ — »• DK^ with D tt^tt^tt^ [391]; for this D 
decay, xq = 0.850. 

The relations between the measured quantities and the underlying parameters are summa- 
rized in Table [221 Note carefully that the hadronic factors tb and Sb are different, in general, 
for each B decay mode. 



4.3 Common inputs and error treatment 

The common inputs used for rescaling are listed in Table [231 The B^ lifetime {t{B^)) and mixing 
parameter (Am^) averages are provided by the HFAG Lifetimes and Oscillations subgroup 

^° The Xq parameter is closely related to the q parameters of the model dependent Dalitz plot analysis [373, 
375,376], and the coherence factor of inclusive ADS- type analyses [377], integrated over the entire Dalitz plot. 
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Table 22: Summary of relations between measured and physical parameters in GLW, ADS and 
Dalitz analyses of 5 ^ D^*^K^*l 





(tTAA/ ^^n^^lv'^i'^ 
vj-Lj V V cxiicxi y oio 


^CP± 


1 -I- _|_ Orjj prm ( ^T^\ rrm 




~\~^Td ^in 1 1 ^iii 1^ ) / /i*/^o_L 

^ Dili \^u±j J Dili y ^ j 1 ± i^CPi: 




ADS analysis 


Rads 


' B ' D ' B D V"_B u/) J L.UD y ^ ) 




IrnTri sin fl^R + ?lri\ sin f^") / H ^T^Q 




Dalitz analysis {D i^gTr+vr^) 




rij cos(5i3 ± 7) 


y± 


tb sm{6B ± 7) 




Dalitz analysis {D tc^tt^tc^) 






tan~^(Im(2±)/(Re(z±) — Xq)) 



(Sec. [3]). The fraction of the perpendicularly polarized component in S — »• J/ijj K*{9>S)2) 

decays, which determines the CP composition, is averaged from results by BABMi [263] and 
Belle [264]. See also HFAG B to Charm Decay Parameters subgroup (Sec. E]). 

At present, we only rescale to a common set of input parameters for modes with reasonably 
small statistical errors {h ccs transitions). Correlated systematic errors are taken into 
account in these modes as well. For all other modes, the effect of such a procedure is currently 
negligible. 

Table 23: Common inputs used in calculating the averages. 

r(5") (ps) 1.527 ±0.008 

Am^ (ps-i) 0.508 ±0.004 
\Ax_f {J/ipK*) 0.219 ±0.009 



As explained in Sec. [H, we do not apply a rescaling factor on the error of an average that has 
X^/dof > 1 (unhke the procedure currently used by the PDG [3]). We provide a confidence level 
of the fit so that one can know the consistency of the measurements included in the average, 
and attach comments in case some care needs to be taken in the interpretation. Note that, in 
general, results obtained from data samples with low statistics will exhibit some non-Gaussian 
behaviour. We average measurements with asymmetric errors using the PDG [3] prescription. 
In cases where several measurements are correlated {e.g. Sj and C/ in measurements of time- 
dependent CP violation in B decays to a particular CP eigenstate) we take these into account in 
the averaging procedure if the uncertainties are sufficiently Gaussian. For measurements where 
one error is given, it represents the total error, where statistical and systematic uncertainties 
have been added in quadrature. If two errors are given, the first is statistical and the second 
systematic. If more than two errors are given, the origin of the additional uncertainty will be 
explained in the text. 
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4.4 Time-dependent asymmetries in 6 — ^ ccs transitions 

4.4.1 Time-dependent CP asymmetries in 6 — > ccs decays to CP eigenstates 

In the Standard Model, the time-dependent parameters for h ccs transitions are predicted 
to be: Sb^ccs = — ?7sin(2/5), Cb-,ccs = to very good accuracy. The averages for —rjSh^ccs and 
Ch-,ccs are provided in Table [211 The averages for —rjSb^ccs are shown in Fig. [TTl 

Both BABM and Belle have used the r/ = -1 modes J/il^K^, %1){2S)K% XaK^ and rj^K'^, 
as well as J/ijjK^, which has 77 = +1 and J/ip K*'^ (892), which is found to have rj close to +1 
based on the measurement of \Aj_\ (see Sec. 14. 3p . ALEPH, OPAL and CDF used only the 
J/ijjKg final state. In the latest result from Belle [266], only J/tpK^ and J/tpK^ are used, while 
results from ilj{2S)Kg have been presented separately [267]. A breakdown of results in each 
charmonium-kaon final state is given in Table [25l 



Table 24: Sb^ccs and Cb- 



Experiment 



N{BB) 



-r]Si 



b^ccs 



BABAR [265] 
Belle J/i;K^ [266] 
Belle V(2S)iro [267] 
B factory average 

Confidence level 



384M 0.714 ±0.032 ±0.018 

535M 0.642 ±0.031 ±0.017 

657M 0.718 ±0.090 ±0.033 

0.680 ±0.025 
0.33 



0.049 ±0.022 ±0.017 
-0.018 ±0.021 ±0.014 
-0.039 ± 0.069 ± 0.049 
0.012 ±0.020 
0.10 



0.84 ™±0.16 
79 +°-'^^ 

U. I » _o.44 

0.681 ±0.025 



ALEPH 
OPAL 
CDF 
Average 



[268] 
[269] 
[270] 



0.012 ±0.020 



It should be noted that, while the uncertainty in the average for —rjSb-iccs is still limited by 
statistics, that for C^^ccs is close to being dominated by systematics. This occurs due to the 
possible effect of tag side interference on the Cb^ccs measurement, an effect which is correlated 
between the different experiments. Understanding of this effect may continue to improve in 
future, allowing the uncertainty to reduce. 

From the average for —rjSb-iccs above, we obtain the following solutions for (3 (in [0,7r]): 

/9= (21.5 ±1.0)° or /3 = (68.5 ± 1.0)° (155) 

In radians, these values are /3 = (0.38 ± 0.02), 13 = (1.20 ± 0.02). 

This result gives a precise constraint on the (p, fj) plane, as shown in Fig. [TTl The measure- 
ment is in remarkable agreement with other constraints from CP conserving quantities, and 
with CP violation in the kaon system, in the form of the parameter ex- Such comparisons have 
been performed by various phenomenological groups, such as CKMfitter [271] and UTFit [272]. 

4.4.2 Time-dependent transversity analysis of — > J/ipK*° 

B meson decays to the vector- vector final state J/ipK*^ are also mediated by the b — > ccs 
transition. When a final state which is not flavour-specific [K*^ — > K^tt^) is used, a time- 
dependent transversity analysis can be performed allowing sensitivity to both sin(2/9) and 
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Table 25: Breakdown of B factory results on Sb^ccs and Cb^ca 







N( BB\ 


'/'Jfe— ►CCS 
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^b^ccs 
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384M 


n 770 _)_ n 1 qp; _)_ n noQ 


n ncQ _)_ n 141 _)_ n 007 




[ZUOJ 




n 477 + n 971 + n 1 




All 


1 ZiUtJJ 




f) 71 4 _|_ n n'?9 + n m 8 


n n4q + n 099 + 0017 








RpIIp 






[ZUUJ 


OOOlVi 


U.D40 It U.UOOstat 


n nni -i- n n98 




[266] 


535M 


641 ± 057=f=f 

_1_ \J.\JU 1 Stat 


-0 045 ± 033=t»t 




[266] 


535M 


0.642 ±0.031 ±0.017 


-0.018 ±0.021 ±0.014 




[267] 


657M 


0.718 ±0.090 ±0.033 


-0.039 ± 0.069 ± 0.049 


All 


[267] 




0.650 ±0.029 ±0.015 




J /%1>K^ average 






0.668 ±0.026 


0.002 ±0.021 


■0(28) K° averag 


;e 




0.802 ±0.077 


0.032 ±0.068 



cos(2/?) [273]. Such analyses have been performed by both B factory experiments. In principle, 
the strong phases between the transversity amplitudes are not uniquely determined by such 
an analysis, leading to a discrete ambiguity in the sign of cos(2/5). The BABAR collaboration 
resolves this ambiguity using the known variation [274] of the P-wave phase (fast) relative to 
the S-wave phase (slow) with the invariant mass of the Ktc system in the vicinity of the i^'*(892) 
resonance. The result is in agreement with the prediction from s quark helicity conservation, 
and corresponds to Solution II defined by Suzuki [275]. We use this phase convention for the 
averages given in Table [2H1 



Table 26: Averages from B'^ J/ipK*^ transversity analyses. 



Experiment 


N{BB) 


sin 2/3 


cos 2/5 Correlation 


BABAR [276] 


88M 


-0.10 ±0.57 ±0.14 


3.32+^:^^ ± 0.27 -0.37 


Belle [264] 


275M 


0.24 ±0.31 ±0.05 


0.56 ±0.79 ±0.11 0.22 


Average 




0.16 ±0.28 


1.64 ± 0.62 uncor related averages 


Confidence level 




0.61 (O.Sfj) 


0.03 (2.2cr) 



At present the results are dominated by large and non-Gaussian statistical errors, and 
exhibit significant correlations. We perform uncorrelated averages, the interpretation of which 
has to be done with the greatest care. Nonetheless, it is clear that cos(2/5) > is preferred by 
the experimental data in J /tpK* . [BABM. [276] find a confidence level for cos(2/3) > of 89%.] 
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Figure 11: (Left) Average of measurements of Sb^ccs- (Right) Constraints on the {p,r]) plane, 
obtained from the average of —rjSb^ccs and Eq. 11551 

4.4.3 Time-dependent CP asymmetries in B° — > D*~^D*~K^ decays 

Both BABAR [278] and Belle [279] have performed time-dependent analyses of the 
D*~^D*~Kg decay, to obtain information on the sign of cos(2/5). More information can be 
found in Sec. I4.2.4[ The results are shown in Table [271 and Fig. [T2l 



Table 27: Results from time-dependent analysis of B^ D*^D* K^. 



Experiment 


N{BB) 


Jc 

Jn 


^ sin(2/3) 


^ cos(2/5) 


BABAR [278] 


230M 


0.76 ±0.18 ±0.07 


0.10 ±0.24 ±0.06 


0.38 ±0.24 ±0.05 


Belle [279] 


449M 


0.60 i[}:|± 0.08 


-0.17 ±0.42 ±0.09 


-0.23 ±0.13 


Average 




0.71 ±0.16 


0.03 ±0.21 


0.24 ±0.22 


Confidence level 




0.63 (0.5a) 


0.59 (0.5cj) 


0.23 (1.2a) 



From the above result and the assumption that Js2 > 0, BABAR infer that cos(2/?) > at 
the 94% confidence level. 

4.4.4 Time-dependent analysis of S° — > J/'4"P 

As described in Sec. I4.2.6[ time-dependent analysis of B° — ^ J/4'4' probes the CP violating 
phase of B^-Bg oscillations, 0^. Within the Standard Model, this parameter is predicted to be 
small 

We make the approximation — 2[3s, where ips = arg [— A/i2/ri2] and 2/3s = 2 sig[—{VtsV^l) / {VcsV*jy\ 
(see Section |4?T|) . This is a reasonable approximation since, although the equality does not hold in the Standard 
Model [281], both are much smaller than the current experimental resolution, whereas new physics contributions 
add a phase 0np to 4>s and subtract the same phase from 2/3s, so that the approximation remains valid. 
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Figure 12: Averages of (left) (Jc/Jq), (middle) (2J,i/ Jq) sin(2/5) and (right) (2J,2/^o) cos(2/3) 
from time-dependent analyses of —>■ D*^D*^K^ decays. 

Both CDF [282] and D0 [283] have performed full tagged, time-dependent angular analyses 
of —>■ J/ip(f) decays, superceding their previous untagged results [284,285]. 

Both experiments perform analyses that take into account the correlations between the 
average B^ lifetime r(i?g), AF^, 0s, the magnitude of the perpendicularly polarized component 
A±, the difference in the fractions of the two CP-even components |y4op — l^ly, and the strong 
phases associated with the two CP-even components 6q and 6\\. The CDF analysis [282] uses 
1.35 fb of data. The likelihood function is found to have a highly non-Gaussian shape, so 
that central values and uncertainties are not presented. The D0 analysis [283] uses 2.8 fb^ of 
data, and constrains the strong phase differences to take equivalent values to those measured 
in P° — >• J/ipK* [263], up to an uncertainty of 7i/5 that allows for SU(3) breaking effects. 

The results are given in Table [28] below. See also HFAG Lifetimes and Oscillations, Sec. [31 

Table 28: Results from time-dependent analysis of P° J/ipcp. 



Experiment r(.B°) AF 0, \Ao\'^ - \A\\ 

D0 [283] 1.52 ±0.06 ±0.01 0.19 ± 0.07 -0-57 ^[jlo+g:^^ 0.41 ± 0.04 0.34 ± 0.05 ± 0.03 

Note the implicit convention above is that + |^oP + = 1; and the strong phases 

are measured relative to that of the A_[_ component (which is set to zero). The polarization 
components are defined at time t = 0, i.e. at the production (primary) vertex of the Note 
also that there is an ambiguity in the result for 

Constraints on 0^ 

• CDF [282] present a confidence region in the 0s-AFs plane, from which they obtain 
0s G [—2.82, —0.32] at the 68% confidence level. The consistency with the Standard 
Model expectation for (0s, AFs) is 15%. 

• D0 [283] obtain a 90% CL allowed interval 0s G [-1.20, +0.06]. 

• The UTFit group have performed a preliminary average of the above two results. 

For more details, see the HFAG Lifetimes and Oscillations group. Sec. [3l 



68 



4.5 Time-dependent CP asymmetries in colour-suppressed h — > cud 
transitions 

Decays of B mesons to final states such as D-k^ are governed by 6 ^ cud transitions. If the final 
state is a CP eigenstate, e.g. Dcpir^, the usual time- dependence formulae are recovered, with 
the sine coefficient sensitive to sin(2/5). Since there is no penguin contribution to these decays, 
there is even less associated theoretical uncertainty than for b — > ccs decays like B — >• J/ipK^. 
Such measurements therefore allow to test the Standard Model prediction that the CP violation 
parameters in 6 cud transitions are the same as those in 6 ^ ccs [286] . 

Note that there is an additional contribution from CKM suppressed b — » ucd decays. The 
effect of this contribution is small, and can be taken into account in the analysis [287, 288] . 

Results of such an analysis are available from BABAR [289]. The decays B^ Dn^, B^ 
Dr], 5° Du, B° D*Ti° and B° D*r] are used. The daughter decay D* is 
used. The CP-even D decay to K^K~ is used for all decay modes, with the CP-odd D decay 
to K'loj also used in 5° D^*^n^ and the additional CP-odd D decay to K^tc^ also used in 
S° Dlu. Results are presented separately for CP-even and CP-odd D^*'^ decays (denoted 
D^^^h^ and D^*^h^ respectively), and for both combined, with the different CP factors accounted 
for (denoted O'^ph^). The results are summarized in Table [291 



Table 29: Results from analyses of D^*^h^, D CP eigenstates decays. 



Experiment 




N{BB) 


Sep 


Ccp 


Correlation 














BABAR 


[289] 


383M 


-0.65 ±0.26 ±0.06 


-0.33 ±0.19 ±0.04 


0.04 














BABAR 


[289] 


383M 


-0.46 ±0.46 ±0.13 


-0.03 ±0.28 ±0.07 


-0.14 


BABAR 


[289] 


383M 


-0.56 ±0.23 ±0.05 


-0.23 ±0.16 ±0.04 


-0.02 



When multibody D decays, such as D — > fTgTr+Tr^ are used, a time- dependent analysis of 
the Dalitz plot of the neutral D decay allows a direct determination of the weak phase: 2(3. 
(Equivalently, both sin(2/3) and cos(2/3) can be measured.) This information allows to resolve 
the ambiguity in the measurement of 2/3 from sin(2/?) [290]. 

Results of such analyses are available from both Belle [291] and BABAR [292]. The decays 
B Z)7r°, B Di], B Du, B D*7i^ and B D*r] are used. [This collection of states 
is denoted by D^*^h'^.] The daughter decays are D* Dtc^ and D K'^n^n^. The results 
are shown in Table [30l and Fig. [131 Note that BABAR quote uncertainties due to the D decay 
model separately from other systematic errors, while Belle do not. 

Again, it is clear that the data prefer cos(2/5) > 0. Indeed, Belle [291] determine the sign 
of cos(20i) to be positive at 98.3% confidence level, while BABAR [292] favour the solution of 
f3 with cos(2/3) > at 87% confidence level. Note, however, that the Belle measurement has 
strongly non-Gaussian behaviour. Therefore, we perform uncorrelated averages, from which 
any interpretation has to be done with the greatest care. 
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Table 30: Averages from D^*^h'^, D Kst^^ti analyses. 

Experiment N{BB) sin 2/5 cos 2/3 [A| 

BABAR [292] 383M 0.29 ± 0.34 ± 0.03 ± 0.05 0.42 ± 0.49 ± 0.09 ± 0.13 1.01 ± 0.08 ± 0.02 

Belle [291] 386M 0.78 ± 0.44 ± 0.22 '^-^Ttof^toH 

Average 0.45 ± 0.28 1.01 ± 0.40 1.01 ± 0.08 

Confidence level 0.59 (0.5cr) 0.12 (1.6(t) 



D^*V sin(2P) = sin(2([>j) 
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Figure 13: Averages of (left) sin(2/?) and (right) cos(2/3) measured in colour-suppressed b cud 
transitions. 
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4.6 Time-dependent CP asymmetries in charmless h — > qqs transi- 
tions 

The flavour changing neutral current b ^ s penguin can be mediated by any up-type quark in 
the loop, and hence the amplitude can be written as 

Ab^, = FuVubV:, + F,V,bV:, + FtVtbVZ 

= {F^ - F,)VubV:, + (156) 
C(A4) + 0(A2) 

using the unitarity of the CKM matrix. Therefore, in the Standard Model, this amplitude is 
dominated by VtbV^*, and to within a few degrees (5/?^ 2° for (3 ~ 20°) the time-dependent 
parameters can be writteij^ Sb^ggg ^ — ?7sin(2/5), Cb-^qqs ~ 0, assuming 6 — > s penguin contri- 
butions only (g = u, d, s). 

Due to the large virtual mass scales occurring in the penguin loops, additional diagrams 
from physics beyond the Standard Model, with heavy particles in the loops, may contribute. In 
general, these contributions will affect the values of Sb-,qqs and Cb^qqs- A discrepancy between 
the values of Shades and Sb^qqs can therefore provide a clean indication of new physics [286, 
293-295]. 

However, there is an additional consideration to take into account. The above argument 
assumes only the b ^ s penguin contributes to the b — > qqs transition. For q = s this 
is a good assumption, which neglects only rescattering effects. However, for q = u there is 
a colour-suppressed b —>■ u tree diagram (of order (9(A^)), which has a different weak (and 
possibly strong) phase. In the case q = d, any light neutral meson that is formed from dd also 
has a uu component, and so again there is "tree pollution". The decays to tt^K^, 
and ujK^ belong to this category. The mesons /o and 1]' are expected to have predominant 
ss parts, which reduces the relative size of the possible tree pollution. If the inclusive decay 

— »• K^K~K^ (excluding (pK'^) is dominated by a nonresonant three-body transition, an OZI- 
rule suppressed tree-level diagram can occur through insertion of an ss pair. The corresponding 
penguin-type transition proceeds via insertion of a uu pair, which is expected to be favored 
over the s's insertion by fragmentation models. Neglecting rescattering, the final state K^K^K^ 
(reconstructed as K^K^K^g) has no tree pollution [296]. Various estimates, using different 
theoretical approaches, of the values of AS* = Sb^qqs — Sb^ccs exist in the literature [297-310]. 
In general, there is agreement that the modes 4>K^, rj'K^ and K^K^K^ are the cleanest, with 
values of \/^S\ at or below the few percent level (A^* is usually positive). 

4.6.1 Time-dependent CP asymmetries: b — > qqs decays to CP eigenstates 

The averages for —rjSb^qqs and Cb~,qqs can be found in Table [311 and are shown in Figs. [HI [15] 
and[Tni Results from both BABAR and Belle are averaged for the modes (pK'^, rj'K'^, f^K^ and 
K^K~ {K^ indicates that both and are used, although Belle use neither foK^ nor 
K+K-Kl), K^KlKl, T^^Kl, uK^ and n^ii^Kl. BABAR also has results for the mode p^K% Of 
these, (pKl, r]'K% n^K^^, uK^ and p^K^ have CP eigenvalue r/ = -1, while r]'Kl, foK% 

7r°7r°i^o and KlKlK^^ have rj = +1. 

The presence of a small (©(A^)) weak phase in the dominant amplitude of the s penguin decays intro- 
duces a phase shift given by Sb-,qqs = — ?7sin(2/3) • (1 + A). Using the CKMfitter results for the Wolfenstein 
parameters [271], one finds: A ~ 0.033, which corresponds to a shift of 2/3 of +2.1 degrees. Nonperturbative 
contributions can alter this result. 
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The final state K^K~K^ (contributions from <^A'° are implicitly excluded) is not a CP 
eigenstate. However, it can be treated as a quasi-two-body decay, with the CP composition 
determined using either an isospin argument (used by Belle to determine a CP-even fraction of 
0.93 ± 0.09 ± 0.05 [315]) or a moments analysis (previously used by BABML to find a CP-even 
fractions of 0.89 ±0.08 ±0.06 in K+K'K^ [320]). Note that uncertainty in the CP composition 
of the final state leads to a third source of uncertainty on the Belle results for —tiSk+k-ro- 

BABAR have performed time-dependent Dalitz plot analyses of K^K~K^ and B^ — > 

7r"'"7r~i^r° (see subsection 14.6.21) . Their results for and K^K^K^ are determined from 
the 5° K^K~K^ analysis, the latter taken from the inclusive "high- mass" {mK+K- > 
1.1 GeV/c^) region (this approach automatically corrects for the CP composition of the fi- 
nal state). BABAR results for p^K^ are taken from the B^ ti^ti^K'^ analysis, and their 
results for foK^ are a combination of results from the both time-dependent Dalitz plot anal- 
yses {-riSb^qqs = 0.25 ± 0.26 ± 0.10, Cb^,,, = -0.41 ± 0.23 ± 0.07 from 5° ^ foK^ with 
/o K+K- [311]; -vSb^gqs = 0.94 +o-03 ± 0.02, = 0.35 ± 0.27 ± 0.07 ± 0.04 from 

5° ^ foK^ with /o ^ TT+TT- [316]). 

It must be noted that Q2B parameters extracted from Dalitz plot analyses are constrained 
to lie within the physical boundary {S^p + C'^p < 1) and consequenty the obtained errors 
are highly non-Gaussian when the central value is close to the boundary. This is particularly 
evident in the BABAR results for B^ —>■ foK^ with /q — 7r"'"7r~ [316]. These results must be 
treated with extreme caution. 

As explained above, each of the modes listed in Table [31] has different uncertainties within 
the Standard Model, and so each may have a different value of —riSh^ggg. Therefore, there 
is no strong motivation to make a combined average over the different modes. We refer to 
such an average as a "naive s-penguin average." It is naive not only because of the neglect 
of the theoretical uncertainty, but also since possible correlations of systematic effects between 
different modes are neglected. In spite of these caveats, there remains substantial interest in the 
value of this quantity, and therefore it is given here: {—rjSb^ggs) = 0.64 ±0.04, with confidence 
level 0.008 {2.7a). This value is in very good agreement with the average —rjSb^ccs given in 
Sec. 14.4.11 However, this result is strongly effected by the highly non-Gaussian errors of the 
BABAR result for B^ foK^ with /o tt+tt^ [316], which is only marginally consistent with 
BABAR result for B° foK^ with /o K+R- [311] and the Belle result for B° foK^ 
with /o TT+TT^ (treated as a Q2B decay) [315]. If the naive s-penguin average is recalculated 
without this result, we find {—rjSb^qgs) = 0.56 ± 0.05, with confidence level 0.25 (l.la). Again 
treating the uncertainties as Gaussian and neglecting correlations, this value is found to be 
2.2(7 below the average —rjSb^ccs given in Sec. 14.4. 1[ 

(The average for Cb^gqs is {Cb^gqs) = —0.01 ± 0.04 with confidence level 0.54 (0.6(t). This 
result is not strongly effected by the inclusion of the BABAR result for B° foK^ with /q 
TT+vr^.) 

We emphasise again that we do not advocate the use of these averages, and that the values 
should be treated with extreme caution, if at all. 

From Table 1311 it may be noted that the average for —riSb-^q-qs in rj'K'^ (0.61 ± 0.07), is now 
more than 5a away from zero, so that CP violation in this mode is well established. Amongst 
other modes, CP violation effects in both foK^ and K^K~K^ appear to be established - BABAR 
have claimed 5. la observation of CP violation in B^ —>■ K^K~ [311] and 4.3cr evidence of 
CP violation in B^ — > f^K^g with /q — >■ tt+tt^ [316]. Due to possible non-Gaussian errors in 
these results it may be prudent to defer any strong conclusions on the numerical significance 
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of the averages. There is no evidence (above 2a) for direct CP violation in any b —>■ qqs mode. 

4.6.2 Time-dependent Dalitz plot analyses: S° K+K-K° and B° tt+tt-K^ 

As mentioned in Sec. 14.2.41 and above, BABAR have performed time-dependent Dalitz plot anal- 
ysis of K^K~K^ [311] and B^ n^ir'Kg [314] decays. The results are summarized in 
Tabs. [32] and [331 For B^ K~^K~ , results are presented in terms of the effective weak phase 
(from mixing and decay) difference (3'^^ and the direct CP violation parameter A {A = —C) for 
each of the resonant contributions (pK^ and foK^, together with averaged values of those pa- 
rameters (taking CP properties into account) over the entire high-mass {rriK+K- > 1-1 GeV/c^) 
region of the Dalitz plot. For B^ —>■ n^TT^Kg, results for 2/3"^^ are presented in Tab. [331 Results 
on flavour specific amplitudes that contribute to the Dalitz plot (such as K*~^7t~) are averaged 
by the HFAG Rare Decays subgroup (Sec. [7]). 

From the results in Tab. [331 BABAR infer that the trigonometric reflection at 7i/2 — jS'^^ in 
B^ K^K^K^, which is inconsistent with the Standard Model expectation, is disfavoured at 
4.6a. 
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Table 31: Averages of —rjSb- 



+qqs 



and Cb- 



>qqs- 



Experiment 



N{BB) 



-TjSb 



b—^qqs 



Correlation 



BABAR [311] 
Belle [266] 
Average 

Confidence level 



383M 0.21 ±0.26 ±0.11 
535M 0.50 ±0.21 ±0.06 
0.39 ±0.17 



0.08 ±0.18 ±0.04 
-0.07 ±0.15 ±0.05 
-0.01 ±0.12 
0.59 (0.5a) 



0.05 
0.03 



BABAR [312] 
Belle [266] 
Average 

Confidence level 



n 



384M 
535M 



0.58 ±0.10 ±0.03 
0.64 ±0.10 ±0.04 
0.61 ±0.07 



0.32 (1 



-0.16 ±0.07 ±0.03 
0.01 ±0.07 ±0.05 
-0.09 ±0.06 

.Oct) 



0.03 
0.09 
0.04 



BABAR [313] 
Belle [266] 
Average 

Confidence level 



384M 
535M 



0.71 ±0.24 ±0.04 
0.30 ±0.32 ±0.08 
0.58 ±0.20 



0.02 ±0.21 ±0.05 -0.14 
-0.31 ±0.20 ±0.07 

-0.14 ±0.15 -0.08 
0.31 (l.Oa) 



BABAR [314] 
Belle [315] 
Average 

Confidence level 



383M 0.40 ±0.23 ±0.03 
535M 0.33 ±0.35 ±0.08 
0.38 ±0.19 



0.24 ±0.15 ±0.03 
0.05 ±0.14 ±0.05 
0.14±0.11 
0.66 (0.5(7) 



-0.07 
-0.08 
-0.07 



BABAR 
Average 



[316] 383M 



0.61 t^oil ± 0.09 ± 0.08 
61 

'-'■"^ -0.27 



0.02 ±0.27 ±0.08 ±0.06 
0.02 ±0.29 



BABAR [317] 
Belle [315] 
Average 
Confidence level 



347M 0.62 toil ± 0-02 

535M 0.11 ±0.46 ±0.07 
0.48 ±0.24 
0.35 (0.9(7) 



-0.43 toil ±0.03 
0.09 ±0.29 ±0.06 
-0.21 ±0.19 
0.18 (1.3(7) 



BABAR [311,316] 
Belle [315] 
Average 

Conlidcuco Icvvl 



535M 



foK' 
0.90 ±0.07 
0.18 ±0.23 ±0.11 
0.85 ±0.07 



-0.01 ±0.18 
0.15 ±0.15 ±0.07 
0.08 ±0.12 



0.02 



227M -0.72 ±0.71 ±0.08 
657M -0.43 ± 0.49 ± 0.09 
-0.52 ±0.41 

0.94 (0. 



-0.01 
-0.00 



BABAR [318] 
Belle [319] 
Average 
Confidence level 



0.23 ±0.52 ±0.13 
0.17 ±0.24 ±0.06 
0.18 ±0.22 

1(7) 



-0.02 
0.09 
0.06 



BABAR [311] 
Belle [315] 
Average 
Confidence level 



383M 
535M 



0.76 ±0.11;°:°^ 
0.68 ± 0.15 ± 0.03 1^;?^ 
0.73 ±0.10 
0.67 (0.4(7) 



0.05 ±0.10 ±0.06 
0.09 ±0.10 ±0.05 
0.07 ±0.08 
0.82 (0.2(7) 
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Figure 14: (Top) Averages of (left) —rjSb^ggs and (right) Cb^ggs- The —rjSb^ggs figure compares 
the results to the world average for —rjSb^ccs (see Section 14.4. II) . (Bottom) Same, but only 
averages for each mode are shown. More figures are available from the HFAG web pages. 
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Figure 15: Averages of four b qqs dominated channels, for which correlated averages are 
performed, in the Scp vs. Ccp plane, where Sep has been corrected by the CP eigenvalue to 
give sin(2/3^^). (Top left) ^K°, (top right) 5° ^ rj'K^, (bottom left) 5° ^ K^^KlK^^, 

(bottom right) —>■ n^Kg. More figures are available from the HFAG web pages. 



Table 32: Results from time-dependent Dalitz plot analysis of the B^ — * K^K decay. 



Experiment 


N{BB) 














A 


A 


BABM [311] 


383M 


0.11 ±0.14 ±0.06 -0.05 


±0.18 ±0.14 


0.14 ± 0.15 ± 0.05 0.41 ± 0.23 ± 0.07 



Experiment N{BB) 
BABM [311] 383M 



K+K-K^ 



■eff 



A 



0.436 ± 0.087^21^^5^ -0.054 ± 0.102 ± 0.060 



Table 33: Results from time-dependent Dalitz plot analysis of the B^ tt+tt decay. 



Experiment 


N{BB) 


2(3^^ 


(/oi^°) 


2/5^ff 




BABAR [314] 


383M 


{89 til 


±5±8 


)° (srtlr 


±5 ±6)° 
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Contours give -2A(ln L) = Ax^ = 1, corresponding to 60.7% CL for 2 dot 



Figure 16: Compilation of constraints in the —rjSb^qqs vs. Cb-*qqs plane. 
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4.7 Time-dependent CP asymmetries in 6 — > ccd transitions 

The transition b — > ccd can occur via either a 6 ^ c tree or a b ^ d penguin amphtude. 
Similarly to Eq. fll56p . the amplitude for the b ^ d penguin can be written 

= (F.-FjK^Kd + {Ft - F,)V,,V;, (157) 
0(A3) + C(A3). 

From this it can be seen that the b —>■ d penguin amplitude contains terms with different weak 
phases at the same order of CKM suppression. 

In the above, we have followed Eq. (11561) by eliminating the F^ term using unitarity. How- 
ever, we could equally well write 

= {F^ - Ft)VutV:, + (Fe - F,)K,V;^, . . 

= (F, - F^)VM + (Ft - FMbV;,. ^ 

Since the b ccd tree amplitude has the weak phase of VcbV*^, either of the above expressions 
allow the penguin to be decomposed into parts with weak phases the same and different to the 
tree amplitude (the relative weak phase can be chosen to be either /3 or 7). However, if the 
tree amplitude dominates, there is little sensitivity to any phase other than that from B^-B^ 
mixing. 

The b — > ccd transitions can be investigated with studies of various different final states. 
Results are available from both BABAR and Belle using the final states J/tpn^, D^D^ , D*^D*^ 
and D*^D^, the averages of these results are given in Table [3H The results using the CP 
eigenstate [r] = +1) modes J/ipn^ and D~^D~ are shown in Fig. [17] and Fig. [TSl respectively, 
with two-dimensional constraints shown in Fig. [191 

The vector-vector mode D*^D*^ is found to be dominated by the CP-even longitudinally 
polarized component; BABAR measures a CP-odd fraction of 0.143 ± 0.034 ± 0.008 [329] while 
Belle measures a CP-odd fraction of 0.19 ± 0.08 ± 0.01 [330] (here we do not average these 
fractions and rescale the inputs, however the average is almost independent of the treatment). 
BABAR allows the CP-odd fraction (actually, the transversely polarized fraction, R^, which is 
equivalent) to float in the fit, so that its uncertainty is automatically incorporated into the 
statistical error. Belle quotes a third uncertainty due to the polarization. BABAR have also 
performed an additional fit in which the CP-even and CP-odd components are allowed to have 
different CP violation parameters S and C. These results are included in Table [3H Results 
using D*^D*^ are shown in Fig. [2D1 

For the non-CP eigenstate mode D*^D^ BABAR uses fully reconstructed events while Belle 
combines both fully and partially reconstructed samples. At present we perform uncorrelated 
averages of the parameters in the D*^D^ system. 

In the absence of the penguin contribution (tree dominance), the time-dependent parameters 
would be given by Sb^ccd = -?7sin(2/5), Cb^ccd = 0, S+- = sin(2/5 + 5), S-+ = sin(2/3 - 5), 
C+_ = — C— I- and ^ = 0, where 6 is the strong phase difference between the D*~^D~ and 
D*- D+ decay amplitudes. In the presence of the penguin contribution, there is no clean 
interpretation in terms of CKM parameters, however direct CP violation may be observed as 
any of Cb^ccd ^ 0, C+_ ^ -C_+ or ^ 0. 

The averages for the b —>■ ccd modes are shown in Figs. [21] and [221 Results are consistent with 
tree dominance, and with the Standard Model, though the Belle results in B^ D~^D~ [328] 
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Table 34: Averages for the b ccd modes, S° J/i^n^, D+D', D*+D*- and D*^D^. 
Experiment N{BB) Sep Ccp Correlation 

BABAR [325] 232M -0.68 ± 0.30 ± 0.04 -0.21 ± 0.26 ± 0.06 0.08 
Belle [326] 535M -0.65 ± 0.21 ± 0.05 -0.08 ± 0.16 ± 0.05 -0.10 
Average -0.65 ± 0.18 -0.12 ± 0.14 -0.04 
Confidence level 0.92 (0.1a) 

BABAR [327] 364M -0.54 ± 0.34 ± 0.06 0.11 ± 0.22 ± 0.07 -0.17 

Belle [328] 535M -1.13 ± 0.37 ± 0.09 -0.91 ± 0.23 ± 0.06 -0.04 

Average -0.75 ± 0.26 -0.37 ±0.17 -0.10 

Confidence level 0.003 (S.Oa) 

D*+D*~ 

BABAR [329] 383M -0.66 ± 0.19 ± 0.04 -0.02 ± 0.11 ± 0.02 -0.04 
Belle [330] 152M -0.75 ± 0.56 ± 0.10 ± 0.06 0.26 ± 0.26 ± 0.05 ± 0.01 

Average -0.67 ±0.18 0.02 ±0.10 -0.03 
Confidence level 0.62 (0.5a) 

Experiment N{BB) Scp+ Ccp+ Scp- Ccp- 

D*+D*- 

EAB4R [329] 383M -0.72 ± 0.19 ± 0.05 -0.05 ± 0.14 ± 0.02 -1.83 ± 1.04 ± 0.23 0.23 ± 0.67 ± 0.10 

Experiment N{BB) S+. C+_ S.+ C.+ A 

BAS4Z? [327] 364M -0.79 ± 0.21 ± 0.06 0.18 ± 0.15 ± 0.04 -0.44 ± 0.22 ± 0.06 0.23 ± 0.15 ± 0.04 0.12 ± 0.06 ± 0.02 

Belle [331] 152M -0.55 ± 0.39 ± 0.12 -0.37 ± 0.22 ± 0.06 -0.96 ± 0.43 ± 0.12 0.23 ± 0.25 ± 0.06 0.07 ± 0.08 ± 0.04 

Average -0.74 ±0.19 0.01 ± 0.13 -0.55 ±0.20 0.23 ±0.13 0.10 ±0.05 

Confidence level 0.60 (CSct) 0.05 (2.0a) 0.30 (l.Oa) 1.00 (O.Oa) 0.65 {0.5a) 



show an indication of direct CP violation, and hence a non-zero penguin contribution. The 
average of Sh^ccd in both J/ipTT^ and D*^D*~ final states are about 3cr from zero; however, 
due to the large uncertainty and possible non-Gaussian effects, any strong conclusion should 
be deferred. 
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Figure 17: Averages of (left) Sh^ccd and (right) Cb^ccd for the mode J/ipn^. 
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Figure 18: Averages of (left) Sb^cai and (right) Cb^ccd for the mode -B° D^D . 
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Figure 19: Averages of two b — > ccd dominated channels, for which correlated averages are 
performed, in the Scp vs. Ccp plane. (Left) J/ipTi^ and (right) B^ D^D^ . 
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Figure 20: Averages of (left) Sb^ccd and (right) Cb^csd for the mode D*+D* . 
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Figure 21: Averages of (left) —rjSb^ccd and (right) Cb->ccd- The 
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Figure 22: Compilation of constraints in the —rjSb^ccd vs. Cb^ccd plane. 
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4.8 Time-dependent CP asymmetries in h 



qqd transitions 



Decays such as K'^Kg are pure b qqd penguin transitions. As shown in Eq. 11571 this 

diagram has different contributing wealc phases, and therefore the observables are sensitive to 
the difference (which can be chosen to be either /3 or 7) . Note that if the contribution with the 
top quark in the loop dominates, the weak phase from the decay amphtudes should cancel that 
from mixing, so that no CP violation (neither mixing-induced nor direct) occurs. Non-zero 
contributions from loops with intermediate up and charm quarks can result in both types of 
effect (as usual, a strong phase difference is required for direct CP violation to occur). 

Both BABAR [332] and Belle [333] have performed time-dependent analyses of B^ —>■ K^K^. 
The results are shown in Table [351 and Fig. [221 



Table 35: Results for 5° ^ K^s^s- 



Experiment 


N{BB) 


Sep 


Ccp 


Correlation 


BABAR [332] 


350M 


1 90 +0.80 +0.11 
-0.73 -0.16 


-0.40 ±0.41 ±0.06 


-0.32 


Belle [333] 


657M 


-0.38 1[}:^?± 0.09 


0.38 ±0.38 ±0.05 


0.48 


Average 
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-0.06 ±0.26 


0.14 


Confidence level 
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Figure 23: Averages of (left) Sb^ggd and (right) Cb-^ggd for the mode B° K^Kg. 
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4.9 Time-dependent asymmetries in 6 — ^ S7 transitions 

The radiative decays b ^ s'y produce photons which are highly polarized in the Standard 
Model. The decays 5° F7 and — >■ F7 produce photons with opposite hehcities, and 
since the polarization is, in principle, observable, these final states cannot interfere. The finite 
mass of the s quark introduces small corrections to the limit of maximum polarization, but any 
large mixing induced CP violation would be a signal for new physics. Since a single weak phase 
dominates the b —>■ s'j transition in the Standard Model, the cosine term is also expected to be 
small. 

Atwood et al. [335] have shown that an inclusive analysis with respect to K^tt^'^ can be 
performed, since the properties of the decay amplitudes are independent of the angular mo- 
mentum of the i^g7r° system. However, if non-dipole operators contribute significantly to the 
amplitudes, then the Standard Model mixing- induced CP violation could be larger than the 
naive expectation S ~ —2(jns/mb) sin (2/3) [336,337]. In this case, the CP parameters may vary 
over the Kgir^'y Dalitz plot, for example as a function of the K^ir^ invariant mass. Explicit 
calculations indicate such corrections are small for exclusive final states [338,339]. 

With the above in mind, we quote two averages: one for if* (892) candidates only, and 
the other one for the inclusive K^tt'^j decay (including the K*{892)). If the Standard Model 
dipole operator is dominant, both should give the same quantities (the latter naturally with 
smaller statistical error). If not, care needs to be taken in interpretation of the inclusive 
parameters, while the results on the if* (892) resonance remain relatively clean. Results from 
BABAR and Belle are used for both averages; both experiments use the invariant mass range 
0.60 GeV/c^ < M^o^o < 1.80 GeV/c^ in the inclusive analysis. Note that these averages 
include an update from BABAR [340] on the K*'~f parameters but not on the K^TT^'-f parameters, 
so that the former are measured more precisely than the latter. 



Table 36: Averages for b ^ s^y modes. 

Experiment N{BB) Scp{b 57) Ccpip — * 57) Correlation 

/s:*(892)7 

BABAR [340] 431M -0.08 ± 0.31 ± 0.05 -0.15 ± 0.17 ± 0.03 0.05 

Belle [341] 535M -0.32 ± 0.05 0.20 ± 0.24 ± 0.05 0.08 

Average -0.19 ± 0.23 -0.03 ±0.14 0.06 
Confidence level 0.43 (0.8cr) 

/s:^7r"7 (including if* (892)7) 

BABAR [342] 232M -0.06 ± 0.37 -0.48 ± 0.22 0.05 

Belle [341] 535M -0.10 ± 0.31 ± 0.07 0.20 ± 0.20 ± 0.06 0.08 

Average -0.09 ± 0.24 -0.12 ±0.15 0.06 
Confidence level 0.08 (l.Bcr) 



The results are shown in Table [36| and in Figs.[23]and [251 No significant CP violation results 
are seen; the results are consistent with the Standard Model and with other measurements in 
the b ^ S'J system (see Sec. [7]). 



84 



CO 



b^syS 



CP 



BaBar 

arXiv:0708.1514 

^ Belle : , 

k PRD 74 (2006) 1111(5^ 

Average : 

HFAG correlated average 



BaBar : 

PRD 72 (2005) 051 103 ^ 

Belle ' 

PRD 74 (2006) 111104 * 

Average ; 

HFAG correlated average 



HFAG 



I LP 2007 
PRELIMINARY 



-0.08 ±0.31 ±0.06 
-0.32 !S|| ± 0.06 
-0.19±0.2S 



-0.06 ±0.3? 
-0.10 ±0.31 ±0.0? 
-0.09 ±0.24 



b^syC 



CP 



BaBar . 
$rXiv:0708.1614 ' 

Belle 

PRD 74 (2006) 111104 

Average 



HFAG correlated averaje 



BaBar . 
PRD 72 (20057651 1 

lelle 

PRD 74 (2006) 1111 

Average 
HFAG correlated 



i)3 



)4 



ave rage 



HFAG 



I LP 2007 
PRELIMINARY 



-0.16 ±0.17 ±0.03 
0.20 ±0.24 ±0.05 
-0.03 ±0. {4 



-0.48 ±0.22 
0.20 ± 0.20 ±o.q6 
-0.12±0.f5 



1 



-0.6 -0.4 -0.2 0.2 0.4 0.6 0.6 



Figure 24: Averages of (left) Sb^s-y and (right) Cb^s-y- Recall that the data for K*^ is a subset 



of that for K'^^n^j. 
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Figure 25: Averages of 6 — > S7 dominated channels, for which correlated averages are per- 
formed, in the Sep vs. Ccp plane. (Left) K*-^ and (right) — ^ _ft'g7r°7 (including 



4.10 Time-dependent asymmetries in 6 — > transitions 

The formalism for the radiative decays b ^ d'y is much the same as that for b ^ s'y discussed 
above. Assuming dominance of the top quark in the loop, the weak phase in decay should 
cancel with that from mixing, so that the mixing- induced CP violation parameter Sep should 
be very small. Corrections due to the finite light quark mass are smaller compared to b —>■ sj, 
since rrid < m^, and although QCD corrections may still play a role, they cannot significantly 
affect the prediction Sb^d-/ — 0. Large direction CP violation effects could, however, be seen 
through a non-zero value of Cb^d-y, since the top loop is not the only contribution. 

Results using the mode B^ p^j are available from Belle and are shown in Table [371 
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Table 37: Averages for S° p°7. 



Experiment 


N{BB) 


Sep 


Ccp 


Correlation 


Belle [343] 


65 7M 


-0.83 ±0.65 ±0.18 


0.44 ±0.49 ±0.14 


-0.08 
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4.11 Time-dependent CP asymmetries in 6 — > uud transitions 

The h uud transition can be mediated by either a 6 — > m tree amphtude or a 6 ^ (i penguin 
amphtude. These transitions can be investigated using the time dependence of decays to 
final states containing hght mesons. Results are available from both BABAR and Belle for the 
CP eigenstate [r] = +1) 7r~^7T~ final state and for the vector- vector final state p~ ■, which is 
found to be dominated by the CP-even longitudinally polarized component (BABAR measure 
/long = 0.992 ± 0.024+° °?^ [348] while Belle measure /long = 0.941 +°;°|^ ± 0.030 [349]). BABAR 
have also performed a time- dependent analysis of the vector- vector final state p°p° [351], in 
which they measure /long = 0.70 ± 0.14 ± 0.05, and furthermore have also performed a time- 
dependent analysis of the B° afvr^ decay [357]. These results, and averages, are listed in 
Table [381 The averages for tt+tt^ are shown in Fig. [261 ^"^^ those for p~ are shown in Fig. [271 
with the averages in the Sep vs. Ccp plane shown in Fig. [251 



Table 38: Averages for h — >■ uud modes. 



Experiment 


N{BB) 


Sep 


Ccp 


Correlation 


BABAR [346] 


383M 


-0.60 ±0.11 ±0.03 


-0.21 ±0.09 ±0.02 


-0.07 


Belle [347] 


535M 


-0.61 ±0.10 ±0.04 


-0.55 ±0.08 ±0.05 


-0.15 


Average 




-0.61 ±0.08 


-0.38 ±0.07 


-0.09 


Confidence level 




0.034 (2.1 










p+p- 






BABAR [348] 


387M 


-0.17 ± 0.20 


0.01 ±0.15 ±0.06 


-0.04 


Belle [350] 


535M 


0.19 ±0.30 ±0.07 


-0.16 ±0.21 ±0.07 


0.10 


Average 




-0.05 ±0.17 


-0.06 ±0.13 


0.01 


Confidence level 




0.50 (0.7cr) 














BABAR [351] 


427M 


0.5 ±0.9 ±0.2 


0.4 ±0.9 ±0.2 






Experiment N(BB) 


Acp 


c s 


AC 


AS 


BABM [357] 384M 


-0.07 ±0.07 ±0.02 


-0.10 ±0.15 ±0.09 0.37 ±0.21 ±0.07 0.26 ± 0.15 ± 0.07 - 


-0.14 ±0.21 ±0.06 



If the penguin contribution is negligible, the time-dependent parameters for B° —>■ tt+tt^ 
and B° P^P^ are given by Sh^uud = V sin(2a) and Cb^und = 0. In the presence of the penguin 
contribution, direct CP violation may arise, and there is no straightforward interpretation of 
Sb -^uud and Ch^uud- An isospin analysis [358] can be used to disentangle the contributions and 
extract a. 

For the non-CP eigenstate p^tt^, both BABAR [354] and Belle [355,356] have performed 
time-dependent Dalitz plot (DP) analyses of the tt+tt^tt^ final state [344]; such analyses allow 
direct measurements of the phases. Both experiments have measured the U and I parameters 
discussed in Sec. 14.2.41 and defined in Table [THl We have performed a full correlated average of 
these parameters, the results of which are summarized in Fig. [291 

Both experiments have also extracted the Q2B parameters. We have performed a full 
correlated average of these parameters, which is equivalent to determining the values from the 
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Figure 26: Averages of (left) Sb^uud and (right) Cb^uud for the mode 5° tt+tt . 
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Figure 27: Averages of (left) S^^uud and (right) C^^uud for the mode 



P P~ 



averaged U and / parameters. The results are shown in Table. [391 Averages of the p^n^ 
Q2B parameters are shown in Figs. [30] and [311 

With the notation described in Sec. 14.21 (Eq. (11341) ). the time-dependent parameters for the 
Q2B B^ p^vr^ analysis are, neglecting penguin contributions, given by 



S. 



1 - 



AC 



sin(2«) cos((5) , AS^ 



pn 



/AC 



cos(2a) sin((5) 



(159) 



and CpTT = = 0, where 5 = arg(A„+A^_) is the strong phase difference between the 

p^TT^ and p^7T~ decay amplitudes. In the presence of the penguin contribution, there is no 
straightforward interpretation of the Q2B observables in the B^ p^'^vr^ system in terms of 
CKM parameters. However direct CP violation may arise, resulting in either or both of Cp.^- ^ 
and Aqp 7^ 0. Equivalently, direct CP violation may be seen by either of the decay- type-specific 
observables Ap~ and A~^, defined in Eq. (11351) . deviating from zero. Results and averages for 
these parameters are also given in Table [391 Averages of the direct CP violation effect in 
5° p^Ti^ are shown in Fig. [321 both in A^f^p vs. CpT, space and in A'p^^ vs. Ap~ space. 

Some difference is seen between the BABAR and Belle measurements in the tt+tt" system. 
The confidence level of the average is 0.034, which corresponds to a 2. lex discrepancy. Since 
there is no evidence of systematic problems in either analysis, we do not rescale the errors of 
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Figure 28: Averages of 6 — > uud dominated channels, for which correlated averages are per- 
formed, in the Sqp vs. Cqp plane. (Left) — > vr+vr" and (right) — > p'^p~ . 



the averages. The averages for Sb^uud and Cb^uud in — * tt+tt^ are both more than 5a away 
from zero, suggesting that both mixing- induced and direct CP violation are well-established in 
this channel. Nonetheless, due to the possible discrepancy mentioned above, a slightly cautious 
interpretation should be made with regard to the significance of direct CP violation. 

In B^ —>■ p^vr^, however, both experiments see an indication of direct CP violation in the 
A^p parameter (as seen in Fig. [321) . The average is more than 3a from zero, providing evidence 
of direct CP violation in this channel. 

Constraints on a 

The precision of the measured CP violation parameters in 6 — uud transitions allows 
constraints to be set on the UT angle a. Constraints have been obtained with various methods: 

• Both BABAR [360] and Belle [347] have performed isospin analyses in the tttt system. Belle 
exclude 9° < 02 < 81° at the 95.4% CL. while BABAR give a confidence level interpretation 
for a, exclude the range 25° < a < 66° at the 90% C.L., and find the solution consistent 
with the Standard Model to be a = (96 Ig")"- In both cases, only solutions in 0°-180° 
are considered. 

• Both experiments have also performed isospin analyses in the pp system. BABAR [348] 
find a G [73.1, 117.0]° at 68% CL. while Belle [350] obtain 54° < 02 < 113° at 90% con- 
fidence level. The largest contribution to the uncertainty is due to the possible penguin 
contribution, limited by the knowledge of the B^ — ^ p^p" branching fraction and is corre- 
lated between the measurements. In the BABAR [351] study of 5° P^P^, a constraint of 
\a - a^^l < 14.5° (16.5°) is obtained at 68% (90%) CL. The solution at a - a""^ = +11.3° 
is preferred. 

• The time-dependent Dalitz plot analysis of the B^ — ^ n^n^ir^ decay allows a determi- 
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Figure 29: Summary of the U and / parameters measured in the time-dependent tt+tt tt^ 

Dahtz plot analysis. 
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Figure 30: Averages of (left) Sb-,uud and (right) Ch^uud for the mode 5° p°7r°. 



nation of a without input from any other channels. BABAR [354] obtain the constraint 
75° < a < 152° at 68% CL. Belle [355, 356] have performed a similar analysis, and in 
addition have included information from the SU(2) partners of B pyr, which can be 
used to constrain a via an isospin pentagon relation [359]. With this analysis. Belle ob- 
tain the tighter constraint 02 = (83^23)° (where the errors correspond to lex, i.e. 68.3% 
confidence level). 

• Each experiment has obtained a value of a from combining its results in the different 
h — >■ uud modes (with some input also from HFAG). These values have appeared in talks, 
but not in publications, and are not listed here. 
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Table 39: Averages of quasi-two-body parameters extracted from time-dependent Dalitz plot 
analysis of tt+tt^tt'^. 



Experiment N(BB) 


-^CP 


p-rr >~~^p7r 






BABAR [354] 375M - 


-0.14 ±0.05 it 0.02 


0.15 ± 0.09 ± 0.05 -0.03 ± 0.11 ± 0.04 0.39 ± 0.09 ± 0.09 


-0.01 ±0.14 ±0.06 


Belle [355,356] 449M - 


-0.12 ±0.05 ±0.04 


-0.13 ±0.09 ±0.05 0.06 ±0.13 ±0.05 0.36 ± 0.10 ± 0.05 


-0.08 ±0.13 ±0.05 


Average 


-0.13 ±0.04 


0.01 ±0.07 0.01 ±0.09 0.37 ±0.08 


-0.04 ±0.10 


Confidence level 




0.52 {0.6a) 






Experiment 


N{BB) 




•^PIT 


Correlation 


BABAR [354] 


375M 


-o.37V'ofo±om 


0.03 ±0.07 ±0.04 


0.62 


Belle [355, 356] 


449M 


0.08 ±0.16 ±0.11 


0.21 ±0.08 ±0.04 


0.47 


Average 




-0.18 ±0.12 


0.11 ±0.06 


0.40 


Confidence level 




0.14 (I.Sct) 






Experiment 


N{BB) 


CpO^O 




Correlation 


BABAR [354] 


375M 


-0.10 ±0.40 ±0.53 


0.04 ±0.44 ±0.18 


0.35 


Belle [355,356] 


449M 


0.49 ±0.36 ±0.28 


0.17 ±0.57 ±0.35 


0.08 


Average 




0.30 ±0.38 


0.12 ±0.38 


0.12 


Confidence level 




0.76 (0.3cj) 





• The CKMfitter [271] and UTFit [272] groups use the measurements from Belle and BABAR 
given above with other branching fractions and CP asymmetries in B — > tttt, pvr and pp 
modes, to perform isospin analyses for each system, and to make combined constraints 
on a. 

Note that methods based on isospin symmetry make extensive use of measurements of 
branching fractions and direct CP asymmetries, as averaged by the HFAG Rare Decays sub- 
group (Sec. [7]). Note also that each method suffers from discrete ambiguities in the solutions. 
The model assumption in the B° tt^tt'tt^ analysis allows to resolve some of the multiple 
solutions, and results in a single preferred value for a in [0,7r]. All the above measurements 
correspond to the choice that is in agreement with the global CKM fit. 

At present we make no attempt to provide an HFAG average for a. More details on proce- 
dures to calculate a best fit value for a can be found in Refs. [271,272]. 
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Figure 31: Averages of 6 ^ uud dominated channels, for the mode B'^ —>■ p°7r° in the Sep vs. 
Ccp plane. 
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Figure 32: Direct CP violation in p^n^. (Left) A^p vs. Cp^, space, (right) A^J^ vs. A'L 

space. 
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4.12 Time-dependent CP asymmetries in 6 — > cud/ucd transitions 

Non-CP eigenstates such as D'^-k'^ ^ D*^7t^ and D^p^ can be produced in decays of -B° mesons 
either via Cabibbo favoured (6 c) or doubly Cabibbo suppressed (6 u) tree amphtudes. 
Since no penguin contribution is possible, these modes are theoretically clean. The ratio of the 
magnitudes of the suppressed and favoured amplitudes, R, is sufficiently small (predicted to be 
about 0.02), that terms of can be neglected, and the sine terms give sensitivity to the 

combination of UT angles 2j3 + 7. 

As described in Sec. I4.2.5[ the averages are given in terms of parameters a and c. CP 
violation would appear as a 7^ 0. Results are available from both BABAR and Belle in the 
modes D^vr^ and D*^7r'^; for the latter mode both experiments have used both full and partial 
reconstruction techniques. {BABAR have provided separate results with each technique, while 
Belle have in addition provided a combined result.) Results are also available from BABAR using 
D^p^ . These results, and their averages, are listed in Table HOl and are shown in Fig. [331 The 
constraints in c vs. a space for the Dvr and D*Ti modes are shown in Fig. [Ml It is notable that 
the average value of a from D*tt is more than 3(J from zero, providing evidence of CP violation 
in this channel. 



Table 40: Averages for h —>■ cud/ucd modes. Note that the "Belle (combined)" result for 
D*^7r^ is a combination of the "Belle (full rec.)" and "Belle (partial rec.)" results. 

Experiment N{BB) a c 

BABAR (full rec.) [361] 232M -0.010 ± 0.023 ± 0.007 -0.033 ± 0.042 ± 0.012 

Belle (full rec.) [362] 386M -0.050 ± 0.021 ± 0.012 -0.019 ± 0.021 ± 0.012 

Average -0.030 ± 0.017 -0.022 ± 0.021 

Confidence level 0.24 (1.2a) 0.78 (0.3o-) 

BABAR (full rec.) [361] 232M -0.040 ± 0.023 ± 0.010 0.049 ± 0.042 ± 0.015 

BABAR (partial rec.) [363] 232M -0.034 ± 0.014 ± 0.009 -0.019 ± 0.022 ± 0.013 

Belle (full rec.) [362] 386M -0.039 ± 0.020 ± 0.013 -0.011 ± 0.020 ± 0.013 

Belle (partial rec.) [362] 386M -0.041 ± 0.019 ± 0.017 -0.007 ± 0.019 ± 0.017 

Belle (combined) [362] 386M -0.040 ± 0.014 ± 0.011 -0.009 ± 0.014 ± 0.011 

Average -0.037 ±0.011 -0.006 ± 0.014 

Confidence level 0.96 (O.Oa) 0.41 (O.Sa) 

BABAR (full rec.) [361] 232M -0.024 ± 0.031 ± 0.009 -0.098 ± 0.055 ± 0.018 



For each of Dn, D*tt and Dp, there are two measurements (a and c, or 5*"^ and S^) which 
depend on three unknowns {R, S and 2/5 + 7), of which two are different for each decay mode. 
Therefore, there is not enough information to solve directly for 2(3 + 7. However, for each 
choice of R and 2j3 + 7, one can find the value of 6 that allows a and c to be closest to their 
measured values, and calculate the distance in terms of numbers of standard deviations. (We 
currently neglect experimental correlations in this analysis.) These values of A^(cr)jnin can then 
be plotted as a function of R and 2/9 + 7 (^-^id can trivially be converted to confidence levels). 
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Figure 33: Averages for b cud/ucd modes. 



These plots are given for the Dtt and -D*7r modes in Figure [3ll the uncertainties in the Dp 
mode are currently too large to give any meaningful constraint. 

The constraints can be tightened if one is willing to use theoretical input on the values 
of R and/or 5. One popular choice is the use of SU(3) symmetry to obtain R by relating 
the suppressed decay mode to B decays involving Dg mesons. More details can be found in 
Refs. [271,272]. 
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Figure 34: Results from b cud/ucd modes. (Top) Constraints in c vs. a space. (Bottom) 
Constraints in 2/? + 7 vs. R space. (Left) D*tt and (right) Dtt modes. 
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4.13 Rates and asymmetries in — > decays 

As explained in Sec. 14.2.71 rates and asymmetries in /){*)7^{*)=f decays are sensitive to 

7. Various methods using different D^*^ final states exist. 

4.13.1 D decays to CP eigenstates 

Results are available from both BABAR and Belle on GLW analyses in the decay modes B^ 
DK^, B"^ D*K^ and B^ DK*^. Both experiments use the CP-even D decay final 
states K^K^ and tt+tt^ in all three modes; both experiments also use only the D* Dtt^ 
decay, which gives CP{D*) = CP{D). For CP-odd D decay final states, Belle uses K^gii^ , K^rj 
and K'^(j) in all three analyses, and also use K^uj in DK^ and D*K'^ analyses. BABAR uses 
Kg7r° only for DK^ analysis; for DK*^ analysis they also use KgCp and K^u (and assign an 
asymmetric systematic error due to CP-even pollution in these CP-odd channels [381]). The 
results and averages are given in Table Hi] and shown in Fig. [351 



Table 41: Averages from GLW analyses of b —>■ cus/ucs modes. 



Experiment N{BB) 




Acp- 


Rcp+ 


Rcp- 






DcpK- 






BABAR [379] 382M 


0.35 ±0.09 ±0.05 


-0.19 ±0.12 ±0.02 


1.07 ± 0.10 ± 0.04 0.81 ± 0.10 ± 0.05 


BcUc [380] 275M 


0.06 ±0.14 ±0.05 


-0.12 ±0.14 ±0.05 


1.13 ±0.16 ±0.08 


1.17±0.14±0.14 


Average 


0.26 ±0.08 


-0.16 ±0.09 


1.09 ±0.09 


0.90 ±0.10 


Confidence level 


0.11 (1.6ct) 


0.72 (0.4ct) 


0.77 (0.3cr) 


0.11 (1.6(t) 




-0.10 ±0.23+° °^ 


D*cpK- 


1.06 ± 0.26 




BABAR [381] 123M 






Belle [380] 275M 


-0.20 ±0.22 ±0.04 


0.13 ±0.30 ±0.08 


1.41 ± 0.25 ± 0.06 


1.15 ±0.31 ±0.12 


Average 


-0.15 ±0.16 


0.13 ±0.31 


1.25 ±0.19 


1.15 ±0.33 


Confidence level 


0.76 (0.3ct) 




0.36 (0.9(7) 








VcpK*- 






BABAR [382] 232M 


-0.08 ±0.19 ±0.08 


-0.26 ±0.40 ±0.12 


1.96 ±0.40 ±0.11 


0.65 ±0.26 ±0.08 



4.13.2 D decays to suppressed final states 

For ADS analysis, both BABAR and Belle have studied the mode B^ DK^; Belle has also 
studied B^ Dn"^ and BABAR has also analyzed the B^ D*K^ and B^ DK*"^ modes 
[D* — > D-K^ and D* D'j are studied separately; K*^ is reconstructed as K^tt^). In all cases 
the suppressed decay D K^tt~ has been used. BABAR also has results using B^ DK^ 
with D —>■ K^-K^-K^ . The results and averages are given in Table H2] and shown in Fig. [361 Note 
that although no clear signals for these modes have yet been seen, the central values are given. 
In B~ — >■ D*K~ decays there is an effective shift of tt in the strong phase difference between 
the cases that the D* is reconstructed as Dti^ and [378]. As a consequence, the different 
D* decay modes are treated separately. 
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Figure 35: Averages of Aqp and Rcp from GLW analyses. 



4.13.3 D decays to multiparticle self-conjugate final states 

For the Dalitz plot analysis, both BABAR [388] and Belle [389] have studied the modes 
DK^, D*K^ and B^ DK*^. For B^ D*K^, Belle has used only D* Dn°, 

while BaBar has used both D* decay modes and taken the effective shift in the strong phase 
difference into account. In all cases the decay D —>■ Kgir^ir^ has been used. BABAR has also 
performed an analysis of B^ DK^ with D tt^tt^tt^ [391]. Results and averages are given 
in Table |l3l The third error on each measurement is due to D decay model uncertainty. 

The parameters measured in the analyses are explained in Sec. 14.2.71 Both BABAR and 
Belle have measured the "Cartesian" {x±,y±) variables, and perform frequentist statistical 
procedures, to convert these into measurements of 7, tb and Sb- In the B^ DK^ with 
D 7r+7r^7r° analysis, the parameters (p^,6'^) are used instead. 

Both experiments reconstruct K*^ as K^tt"^, but the treatment of possible nonresonant 
Kgir"^ differs: Belle assign an additional model uncertainty, while BABAR use a reparametrization 
suggested by Gronau [387]. The parameters and Sb are replaced with effective parameters 
Krg and 6s', no attempt is made to extract the true hadronic parameters of the B^ DK*^ 
decay. 

We perform averages using the following procedure, which is based on a set of reasonable, 
though imperfect, assumptions. 

• It is assumed that effects due to the different D decay models used by the two experiments 
are negligible. Therefore, we do not rescale the results to a common model. 

• It is further assumed that the model uncertainty is 100% correlated between experiments, 
and therefore this source of error is not used in the averaging procedure. 
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Table 42: Averages from ADS analyses of 6 ^ cus/ucs and h — > cud/ucd modes. 



Experiment N{BB) Aabs Ra 



DK-, D^K+ 



DS 



DK-, D K+TT- 

BABAR [383] 232M - 0.013 

Belle [384] 386M - 0.000 ± 0.008 ± 0.001 

Average - 0.006 ± 0.006 

Confidence level - 0.29 (l.la) 

D*K-, D* Dn^, D K+tt' 

BAB.m M 232M -0.002 

D*K-, D* ^D^, K+n- 

BABAR ^83^ 232M - 0.011 Ig'g^^ 

DK*-, D K+TT-, K*- K^TT" 
BABAR [385] 232M -0.22 ± 0.61 ± 0.17 0.046 ± 0.031 ± 0.008 



BABAR ^86^ 226M - 0.012 ± 0.012 ± 0.009 

Dn-, D K+Ti- 

Belle [384] 386M 0.10 ± 0.22 ± 0.06 0.0035 1°;°°°^ ± 0.0003 



• We include in the average the effect of correlations within each experiments set of mea- 
surements. 

• At present it is unclear how to assign an average model uncertainty. We have not at- 
tempted to do so. Our average includes only statistical and systematic error. An unknown 
amount of model uncertainty should be added to the final error. 

• We follow the suggestion of Gronau [387] in making the DK* averages. Explicitly, we 
assume that the selection of K*^ — > K'^n'^ is the same in both experiments (so that 

Tg and Ss are the same) , and drop the additional source of model uncertainty assigned by 
Belle due to possible nonresonant decays. 

• We do not consider common systematic errors, other than the D decay model. 



Constraints on 7 

The measurements of {x±, y±) can be used to obtain constraints on 7, as well as the hadronic 
parameters tb and 5b- Both BABAR [388] and Belle [389] have done so using a frequentist 
procedure (there are some differences in the details of the techniques used). 

• BABAR obtain 7 = (92 ± 41 ± 11 ± 12)° from DK^ and D*K^ 

• Belle obtain 03 = {53 ± 3 ± 9)° from DK^, D*K^ and DK*^ 

• The experiments also obtain values for the hadronic parameters. 
In DK^ 

BABAR obtain rB{DK^) < 0.140(1ct) and 6b{DK^) = (118 ± 63 ± 19 ± 36)° 

Belle obtain rB{DK^) = 0.16 ± 0.05 ± 0.01 ± 0.05 and 5b{DK^) = (146 ^20 ± 3 ± 23)°. 
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Figure 36: Averages of -Rads- 



Table 43: Averages from Dalitz plot analyses of 6 — cus/ucs modes, 
tainities assigned to the averages do not include model errors. 



Note that the uncer- 



Experiment N(BB) 



y+ 



DK-, D AI'tt+jt- 
-0.033 ± 0.066 ± 0.007 ± 0.018 



V- 



BABm [388] 347M 
Belle [389] 386M 
Average 
Confidence level 



-0.072 ± 0.0-56 ± 0.014 ± 0.029 



-0.097 ±0.045 



0.041 ± 0.059 ± 0.018 ± 0.011 



-0.051 ±0.053 



0.045 ± 0.047 



0.056 ± 0.071 ± 0.007 ± 0.023 
0.170 ISfg ± 0.016 ± 0.049 
0.093 ± 0.058 



0.83 (0.2cr) 



BABAR [; 
Belle [; 
Average 

Confidence level 



347M 0.084 ± 0.088 ± 0.015 ± 0.018 
386M 0.032 ^J ™ ± 0.004 ± 0.049 
0.067 ±0.071 



D'K-, D' Dtt" or BI7, L> - 
0.096 ±0.111 ±0.032 ±0.017 
0.008 ± 0.011 ± 0.074 



-0.106 ± 0.091 ± 0.020 ± 0.009 
-0.128 i|! J^^± 0.023 ±0.071 



0.061 ± 0.088 



-0.110 ±0.080 



-0.019 ± 0.096 ± 0.022 ± 0.016 
-0.339 ± 0.027 ± 0.053 
-0.101 ±0.085 



DK-, D A'ljTr+Tr- 
-0.010 ± 0.320 ± 0.180 ±0.050 
-0.004 ± 0.013 ± 0.095 
-0.007 ±0.146 

0.33 



0.52 (0.6cr) 



BABm. [390] 227M 
Belle [389] 386M 
Average 
Confidence level 



-0.070 ± 0.230 ± 0.130 ± 0.030 
-0.105 ig JI? ± 0.006 ± 0.088 
-0.094 ± 0.144 



0.200 ± 0.200 ± 0.110 ± 0.030 
-0.784 ig g^ ± 0.029 ± 0.097 
-0.480 ±0.173 

(1.0a) 



0.260 ± 0.300 ±0.160 ±0.030 
-0.281 ± 0.046 ± 0.086 
-0.056 ± 0.253 



Experiment N(BB) 



0^ 



BABAR [391] 324M 



0.75 ± 0.11 ±0.04 



DK-, D 
147 ± 23 ± 1 



0.72 ±0.11 ±0.04 



173 ± 42 ± 2 



In D*K^ 

BABAR obtain 0.017 < rB{D*K^) < 0.203 and 5b{D*K^) = (298 ± 59 ± 18 ± 10)° 
Belle obtain rB{D*K^) = 0.18 t'^oH ± 0.01 ± 0.05 and 6b{D*K^) = (302 ^35 ± 6 ± 23)°. 
In DK*^ 

Belle obtain tb^DK*^) = O.bQtoH ± 0.04 ± 0.08 and 6BiDK*^) = (243^11 ± 3 ± 50)°. 
BaBar do not obtain a constraint on the hadronic parameters in DK*^ due to the 
reparametrization described above. 

Improved constraints can be achieved combining the information from B"^ — > DK"^ anal- 
ysis with different D decay modes. The experiments have not yet published such results, 
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Figure 37: Contours in the (x±,y±) from £)(*)i^(*)±. (Left) DK^, (middle) 

B^ D*K^, (right) B^ DK*^. Note that the uncertainities assigned to the averages 
given in these plots do not include model errors. 



and none are listed here. 

• The CKMfitter [271] and UTFit [272] groups use the measurements from Belle and BABAR 
given above to make combined constraints on 7. 

• In the BABAR analysis of B^ -> DK^ with D n+n-n° [391], a constraint of -30° < 
7 < 76° is obtained at the 68% confidence level. 

At present we make no attempt to provide an HFAG average for 7. More details on proce- 
dures to calculate a best fit value for 7 can be found in Refs. [271,272]. 



100 



D^*^K^*' Averages 
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ICHEP2006 preliminary 

Belle i_L 

PRD 73, 1 12009 (2006') f ■ 



HFAG correlated averagi 



BaBar 

ICHEP2006 preliminary 

Belle 

PRD 73, 112009(2006) 
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HFAG correlated average 



1^ 



I ICHEP 2006 
PRELIMINARY 
-0.072 ± 0.056 ± 0,014 ± 0,029 

-0,135:g:g7o±0,017±0.051 

-0,097 ±0.045 



0,084 ± 0,088 ± 0,01 5 ± O.Ojl 8 
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BaBar 

hep-ex/0507101 

Belle 

PRD 73, 112009 

Average 

HFAG correlated ave 



-0,8 -0,6 -0,4 -0,2 



(2Bc 3) 
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Figure 38: Averages of {x±, y±) from /}(*)f^(*)±. (Top left) x+, (top right) y+, (bottom 

left) x^, (bottom right) Note that the uncertainities assigned to the averages given in these 
plots do not include model errors. 
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5 Semileptonic B decays 



Measurements of semileptonic 5-meson decays are an important tool to study the magnitude 
of the CKM matrix elements \Vcb\ and \Vub\, the Heavy Quark parameters (e.g. b and c-quark 
masses), QCD form factors, QCD dynamics, new physics, etc. 

In the following, we provide averages of exclusive and inclusive branching fractions, the 
product of \Vcb\ and the form factor normalisation F{1) and G{1) for — > D*~i~^i> and 

— >■ D~l^v decays, respectively, and \Vub\ as determined from inclusive and exclusive mea- 
surements of -B Xu£+z/£ decays. We will compute Heavy Quark parameters and extract QCD 
form factors for B^ D*^C,^v decays. Throughout this section, charge conjugate states are 
implicitly included, unless otherwise indicated. 

Brief descriptions of all parameters and analyses (published or preliminary) relevant for the 
determination of the combined results are given. The descriptions are based on the information 
available on the web page at 

http : //www. slac . Stanford. edu/xorg/hfag/ semi/EndOf Year07 
A description of the technique employed for calculating averages was presented in the previous 
update [4]. Asymmetric errors have been introduced in the current averages for B —>■ X^^^vi 
decays to take into account theoretical asymmetric errors. 

We thank U. Aglietti, I. Bigi, G. Ferrera, P. Gambino, E. Gardi, P. Giordano, Z. Ligeti, 
M. Neubert, G. Ricciardi, and N. Uraltsev for useful discussions and for providing the theory 
codes. 

5.1 Common set of input parameters 

In the combination of the published results, the central values and errors are rescaled to a 
common set of input parameters, summarized in Table and provided in the file common . param 
(accessible from the web-page). All measurements with a dependence on any of these parameters 
are rescaled to the central values given in Table HH and their errors are recalculated based on the 
errors provided in the column "Excursion" . The detailed dependence for each measurement is 
contained in files (provided by the experiments) accessible from the web-page. In the following 
tables, both the published and rescaled results are presented. Some of the (older) measurements 
are subject to considerables adjustments due to the rescaling. 

5.2 Exclusive CKM-favored decays 

Averages are provided for the branching fractions B{B —>■ Di'^ui) and 13{B D*i~^i'i). For 
the D Tx excited states, averages are computed for the inclusive branching fractions B{B 
D^*\£+ue), and for the product B{B+ Dl{D*-7i+)e+ue) x i3(D° ^ D*-7r+) and B{B+ 
Dl{D*~7i+)i+h'i) X B{dI D*~iT+). In addition, averages are provided for F(l)|Vc6| vs p^, 
where F{1) and are the normalization and slope of the form factor at zero recoil in B^ — >■ 
D*~i~^i> decays, and for the corresponding quantities G(1)|V^6| vs in 5° —>■ D'i^u decays. 

5.2.1 B m+i^e 

The average branching fraction B{B Di^ui) is determined by the combination of the results 
provided in Table 1^ and l46l for B^ — > D^l'^u^ and B^ — > D i'^ui, respectively. The branching 
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Table 44: Common input parameters for the combination of semileptonic B decays. Most of 
the parameters are taken from Ref. [3]. This table is encoded in the file common, par am. The 
units are picoseconds for lifetimes and percentage for branching fractions. 



Parameter 


Assumed Value 


Excursion 


Description 


rb 


21.629 


±0.066 


Rb 




bdst 


"1 o 

1.27 


±0.021 


B{B D*Tv) 




bdsd 


1.62 


±0.040 


B{B D*D) 




bdst 2 


0.65 


±0.013 


B{h D*t) (OPAL incl) 




bdsd2 


4.2 


±1.5 


B{b D*D) (OPAL incl) 




bdsd3 


0.87 


+0.23 
-0.19 


B{b D*D) (DELPHI incl) 




xe 


0.702 


±0.008 


B fragmentation: (i?s)/-Ebeam 




bdsi 


17.3 


±2.0 


B{b D*+ incl) 




cdsi 


22.6 


±1.4 


Bic D*+ incl) 




bpiOgg 


98.798 


±0.032 


i3(7r° — > 77) 




tbO 


1.530 


±0.008 


riB^) 




tbplus 


1.639 


±0.009 


r{B^) 




tbps 


1.456 


±0.030 


r(5°) 




fbd 


40.3 


±0.9 


B^ fraction at ^/s = m^o 




fbs 


10.1 


±0.9 


B^ fraction at ^/s = m^o 




fbar 


9.2 


±1.5 


Baryon fraction at ^/s = m^o 




dst 


67.7 


±0.5 


B{D*+ ^ D^7r+) 




dkpp 


9.22 


±0.21 


bId+ K-TT+TT+) 




dkp 


3.84 


±0.06 


B{D° K-n+) 




dkpzp 
dkppp 


13.7 
8.00 


±0.6 

-0.22 


BiD"^ i^-TT+TrO) 




dkzpp 


2.89 


±0.20 






dkln 


6.83 


±0.15 


b\d^ K-£+iy) 




dkk 


0.388 


±0.009 


B{D° K'K^) 




dkx 


1.100 


±0.025 


K^Tf^X rates 




dkox 


0.47 


±0.04 


B{D^ K°X) 




dnlx 


6.53 


±0.17 


B{D^ Xiu) 




dkpcl 


61.9 


±2.9 


B{D*'' DOyrO) 




dssR 


0.64 


±0.11 


B{h D**iV) X B{D** D*+X) 




fbO 


48.5 


±0.6 


foo ^ js^r{4:S) ^ 5050) 




fppOO 


1.062 


±0.025 


ratio B{T{4S) B+B') over B{T{AS) - 


B'^B^) 


chid 


0.1881 


±0.0023 


Xdi time-integrated probability for B^ mixing 




chi 


0.0912 


±0.0016 


X = X (rVloo) 





fractions are obtained from the integral over the measured differential decay rates, apart for 
the BABAR results, for which the semileptonic B signal yields are extracted from a fit to the 
missing mass squared in a sample of fully reconstructed BB events. 
Figure 15^ shows the measurements and the resulting average. 
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Table 45: Average of the branching fraction B{B^ D i^u) and individual results. 



Experiment 


B{B^ D-£+u)[%] (rescaled) 


B{B^ D-E+u)\%] (pubhshed) 


ALEPH [165] 
CLEO [166] 
Belle [167] 
BABAR [168] 


2.25±0.18stat±0.36syst 
2.10±0.13stat±0.15syst 
2.09±0.12stat±0.39syst 

2.21±0.11stat±0.12syst 


2.35±0.18stat±0.443yst 
2.20±0.13stat±0.18syst 
2.13 ± 0.12stat ± 0.41syst 
2.22±0.11stat±0.12syst 


Average 


2.17 ± 0.12 


xVdof = 0.3/3 (CL=96%) 



Table 46: Average of the branching fraction B{B^ D and individual results. 



Experiment 


B{B+ D"i+iye)[%\ (rescaled) 


B{B+ D''£+ue)[%] (published) 


CLEO [166] 
CLEO [169] 
BABAR [168] 


2.23±0.13stat±0.17syst 
1.68 ± 0.6stat ± 0.21syst 
2.32 ± 0.09stat ± 0.09syst 


2.21±0.13stat±0.19syst 

1.6 ± 0.6stat ± 0.3syst 

2.33 ± 0.09stat ± 0.09syst 


Average 


2.28 ± 0.11 


xVdof = 0.97/2 (CL=60%) 



ALEPH 








2.25 + 0.18 + 0.36 ' 
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• — 
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BABAR 








2.22 + 0.11 +0.12 
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Figure 39: Average branching fraction of exclusive semileptonic B decays (a) B^ ^ D i^u^ 
and (b) B+ —^D l^vi and individual results. 



The average for G(l)|V^b| is determined by the two-dimensional combination of the results 
provided in Table HTl Figure HQ] (a) provides a one-dimensional projection for illustrative 
purposes, and figure HQ] (b) shows the average G(l)|Vcfe| and the measurements included in the 
average. 
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Table 47: Average of G(l)|yc6| determined in the decay —>■ D i^u and individual results. 
The fit for the average has x^/dof = 0.3/4. The total correlation between the average (j'(l)lV^bl 
and p2 is 0.93. 



Experiment 


^(1)1^461 [10-3] (rescaled) 
G'(l)|V;f,|[10"3] (published) 


(rescaled) 
(published) 


ALEPH [165] 


38.8 ± 11.8stat ± 6.2syst 
31.1±9.9stat±8.6syst 


0.95 ± 0.98stat ± 0.36syst 
0.70 ± 0.98stat ± 0.50syst 


CLEO [166] 


44.8 ± 5.9stat ± 3.45syst 
44.8 ± 6.1stat ± 3.7syst 


1.27±0.25stat±0.14syst 
1.30±0.27stat±0.14syst 


Belle [167] 


40.07±4.4stat±5.14syst 

41.1±4.4stat±5.1syst 


1.12±0.22stat±0.14syst 
1.12±0.22stat±0.14syst 


Average 


42.3 ± 4.5 


1.17 ± 0.18 



For a determination of \Vcb\, the form factor at zero recoil G{1) needs to be computed. A 
possible choice is G{1) = 1.074 ± 0.018stat ±0.016syst [177], resulting, once corrected by a factor 
1.007 for QED effect, in 

\Vcb\ = (39.1 ± 4.2exp ± 0.9thco) X 10-^ 
where the errors are from experiment and theory, respectively. 



ALEPH 

38.80 ± 11.80 ±6.20 



CLEO 

44.80 +5.90 +3.45 



BELLE 

40.07 +4.40 +5.14 



Average 
42.30 +4.50 
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Figure 40: (a)G'(l)|V^5| average and rescaled measurements of exclusive ^ D i^v decays 
determined in a two-dimensional fit. (b) (^(l)!!^;,! vs. p^ error ellipses corresponding to Ax^ = 
1. 
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5.2.2 B D*i+iyi 

The average branching fraction B{B D* i^vi) is determined by the combination of the results 
provided in Table HH] and HHl for D*~i~^i'£ and B^ D i'^i'e, respectively. Advances 

have also been made in the determination of \Vcb\ from exclusive B ^ D l^vi decays with 
substantially improved measurements of the form factor ratios Ri and i?2- 



Table 48: Average branching fraction B^ ^ D i'^i'e and individual results, where "excl" and 
"partial reco" refer to full and partial reconstruction of the B^ —>■ D*^£+z/^ decay, respectively. 



Experiment 



B^ £+z/4%] (rescaled) 



B° (published) 



ALEPH (excl) [165] 

OPAL (excl) [170] 

OPAL (partial reco) [170] 

DELPHI (partial reco) [171] 

Belle (excl) [172] 

CLEO (excl) [173] 

DELPHI (excl) [174] 

BABAR (excl) [175] 

BABAR (tagged) [168] 



5.60 ± 0.26stat ± 0.21,yst 
5.22 ± 0.20stat ± 0.40syst 
5.63 ± 0.27,tat ± 0.43syst 
5.01 ± 0.15stat ± 0.18,y,t 
4.80 ± 0.25stat ± 0.19,y,t 



6.10 ±0.19stat± 0.20: 



-"syst 



5.60 ± 0.19stat ± 0.34 

syst 

4.62 ± 0.04stat ± 0.13 

syst 

5.44±0.16stat±0.10,yst 



5.53 ± 0.26stat ± 0.52, 
5.11 ±0.20stat± 0.49, 
5.92 ± 0.28stat ± 0.68« 
4.70 ± 0.14,tat t 
4.60 ± 0.24stat ± 
6.09 ±0.19stat ±0.40, 
5.90 ± 0.20stat ± 0.50, 
4.69 ± 0.04stat ± 0.34, 
5.49 ± 0.16stat ± 0.25, 



syst 
syst 



syst 

0.36 

0.31 syst 

0.42, 



-syst 
syst 
syst 
syst 
syst 



Average 



5.16 ± 0.11 



xVdof = 34.1/9 (CL=8- 



Table 49: Average of the branching fraction B^ ^ D l^vi and individual results. 



Experiment 


fio ^ D*^£+z/^[%] (rescaled) 


B^ -> D*^l+u^[Vo] (pubhshed) 


ARGUS [176] 
CLEO [173] 
BABAR [168] 


6.53±1.60,tat±0.56,yst 
6.64 ± 0.2,tat ± 0.40syst 
5.78 ± 0.15stat ± 0.30syst 


6.6 ± 1.6stat ± l-5syst 

6.50 ± 0.20stat ± 0.43,yst 
5.83 ± 0.15stat ± 0.30syst 


Average 


6.09 ± 0.29 


xVdof = 3.7/2 (CL=17%) 



For the B{B+ D £+z/^), the average is performed as for the B Dl^vi modes, by 
scaling the different measurements to a common set of input parameters. For the B{B'^ 
D*^£^i>i), the average is performed using a global fit built incorporating all the experimental 
determinations of F(l)|V^b|, the slope parameter and the other form-factor parameters Ri 
and i?2- Statistical correlations between measurements from the same experiment are taken 
into account. The form-factor parametrization derived by Caprini, Lellouch and Neubert [178] 
is used. 

The minimization gives values for the form-factor parameters equal to Ri = 1.356 ±0.066 
and i?2 = 0.851 ± 0.039. The errors contain both the common and the experiment dependent 
systematic uncertainties. With respect to the original measurements by CLEO [179], Ri = 
1.18 ± 0.30 ± 0.12 and R2 = 0.71 ± 0.22 ± 0.07, the accuracy on the form-factor parameters 
Ri and R2 given by the global minimization has been considerably improved due to a 
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recent measurement by BABAR [175], with results that are consistent with the earher ones, but 
considerably more precise. 

The values extracted from the fit for F(l)|Vcfe| and the form-factor parameters are used to 
obtain the i3(-B° D*~i~^i'g) branching fractions by computing the integral over the measured 
differential decay rates. The B{B^ D*^i^i'() average is computed from these inputs, apart 
from the BABAR result [168], for which the semileptonic B signal yields are extracted from a fit 
to the missing mass squared in a sample of fully reconstructed BB events. This measurement 
is rescaled to the common set of input parameters, and then averaged with the other ones, 
neglecting at this stage remaining correlations. Figure HH shows the measurements and the 
resulting average for the B{B — > D i^ue)- 

The average for F(l)|Vcf,| is determined by the two-dimensional combination of the results 
provided by the global minimization described above: the corresponding values are reported 
in Table [501 This allows the correlation between F(l)|\4f,| and to be maintained. Fig- 
ure HW a) provides a one- dimensional projection for illustrative purposes. Figure HW b) shows 
the average F(l)|V^b| and the measurements included in the average. The largest systematic 
errors correlated between measurements are due to uncertainties on: the ratio of production 
cross-sections cr^j/cThad, the branching fractions B{D'^ K^tx^) and B{D^ K^tx^ti^), the 
correlated background from Z)**, and the D* form factor ratios -Ri and R2- Moreover, contri- 
butions from and the B^ fraction at a/s = m^o are taken into account for the measurements 
from the LEP experiments. Together these uncertainties account for about two thirds of the 
systematic error. In all the measurements the total systematic errors are reduced with respect 
to the published values because the values and uncertainties for parameters on which these 
measurements depend, for example Ri and i?2, have since been better determined. 

For a determination of |V^b|, the form factor at zero recoil F{1) needs to be computed. A 
possible choice is F{1) = 0.924±0.012stat±0.019syst [180], which takes into account the QED 
correction(+0.7%), resulting in 

\Vcb\ = (38.8 ± 0.6exp ± 0.9thco) X 10-^ 
where the errors are from experiment and theory, respectively. 

5.2.3 B D^*Kl+Ut 

The average inclusive branching fractions for B —>■ D*tx1^vi decays , where no constrain is 
applied to the hadronic D^*^n system, are determined by the combination of the results provided 
in Tables ED - El for 5° ^ Tf-n-l+ve, 5° ^ D*°7r-£+z/^, B+ D-n+i+ue, and B+ 
D*^'K^i^i>e, respectively. The measurements included in the average are scaled to a consistent 
set of input parameters and their errors, see Section 15. 1[ 

For both the BABAR and Belle results, the B semileptonic signal yields are extracted from 
a fit to the missing mass squared in a sample of fully reconstructed BB events. 

Figure Us] illustrates the measurements and the resulting average. 

5.2.4 B D**l+ut> 

Averages are perfomed also for B semileptonic decays into narrow orbitally-excited D states, 
namely the Di(2420) and 1^2(2460) [3]. Due to the unknown Di^2 branching fractions, the 
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Table 50: Average of F(l)|Vc6| determined in the decay B D*^i v and individual results, 

where "excl" and "partial reco" refer to full and partial reconstruction of the B — > D*^l^V de- 
cay, respectively. The fit for the average has x^/dof = 33.9/17 (CL=1%). The total correlation 
between the average F(l)|V^b| and is 0.24. 



Experiment 


F(l)|V;6|[10-3] (rescaled) 
F(l)|K(,|[10-3] (published) 


(? (rescaled) 
(? (published) 


ALEPH (excl) [165] 


32.0 ± l.Sstat ± l-3svst 

31.9± 1.8,u,,,± 1.9.y.i 


0.49 ± 0.20sHt ± 0.09svst 
0.37 ±0.26„a, ±0.1 


OPAL (excl) [170] 


^ ' — ^ -^'^siiciL — ^ -^'^sysL 

36.8 ± 1.6stat ± 2.0syst 


1.24 ± 0.20stat ± 0.14svst 

1.31±0.21stat±0.16syst 


OPAL (partial reco) [170] 


37.6 ± 1.2stat ± 2.4svst 

37.5 lb 1.2stat i 2.5syst 


1.13 ± 0.13stat ± 0.27svst 

1.12±0.14,tat±0.29syst 


DELPHI (partial reco) [171] 


35.9 ± 1.4,tp,t ± 2.3,vst 

35.5 X.4cfof o /icvst 


1.18± 0.13stat ± 0.25svst 

1.34 zb 0.14ctnt 90SVSt 


Belle (excl) [172] 


34.9±2.0stat±1.8syst 
35.8±1.9stat±1.9syst 


1.15±0.15stat±0.10syst 

1.45±0.16stat±0.20syst 


CLEO (excl) [173] 


41.6 ± 1.3,tat ± l.Ssyst 
43.1 ± 1.3stat i l-8syst 


1.37±0.09,tat±0.20,yst 
1.61 ± 0.09stat ± 0.2l3y3t 


DELPHI (excl) [174] 


36.6 ± l.Sstat ± l-9syst 

39.2 ± 1.8stat ± 2.3syst 


1.04±0.14,tat±0.15,yst 

1.32±0.15stat±0.33syst 


BABm (excl) [175] 


34.2±0.3stat±l.lsyst 

34.7±0.3stat±l.Wst 


1.18±0.05stat±0.03syst 
1.18±0.05,tat±0.03syst 


Average 


36.14 ± 0.55 


1.17 ±0.05 



Table 51: Average of the branching fraction S° — > tt t^vi and individual results. 



Experiment 


B[B^ D\-i+Ve)[%] (rescaled) 


B{B^ D\-i+ue)[%\ (published) 


Belle [181] 
BABAR [168] 


0.43 ± 0.07stat ± 0.05,yst 
0.43 ± 0.08stat ± 0.03,yst 


0.42 ± 0.07stat ± 0.06syst 
0.43 ± 0.08stat ± 0.03syst 


Average 


0.43 ± 0.06 


xVdof = 0.001 (CL=99%) 



Table 52: Average of the branching fraction B° — > D tt i'^i'e and individual results. 



Experiment 


B(BO ^ D*\-e+iye)[%] (rescaled) 


B(B0 ^ D*\-e+ue)[%] (published) 


Belle [181] 
BABAR [168] 


0.57 ± 0.21stat ± 0.07,yst 
0.48 ± 0.08stat ± 0.04,y,t 


0.56 ± 0.21,tat ± 0.08,yst 
0.48 ± 0.08stat ± 0.04sy,t 


Average 


0.49 ± 0.08 


xVdof = 0.15 (CL=70%) 
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ALEPH (excl) 
5.60 ±0.26 +0.53 

OPAL (excl) 
5.22 ±0.20 +0.50 

CLEO 

6.10±ai9±0.40 

OPAL (partial reco) 
5.63 ± 027 ±0.65 

DELPHI (partial reco) 
5.01 ±015 ±0.35 

BELLE (excl) 
4.80 ± 0.25 ± 0.44 

DELPHI (excl) 
5.60 ±0.19 ±0.47 

BABAR (excl) 
4.62 ± 0.04 ± 0.33 

BABAR (tagged) 
5.44±O16±0.25 

Average 
5.16±011 



HFAG 



I End Of 2607] 
x'/dol> 34. 1/ 9 I 



a) 



CLEO 

6.60 ± 0.2(1 ± 0.40 

ARGUS 

6.50 ± 1.4(1 ± 1.1b 



BABAR tagged 
5.80±O15±(1.30 



HFAG 



\EndOf2007\ 

X-;clor=3.7/2(CL= 16%) 



b) 




B(B^D*"rv) [%] 



B(B^^D rv)[%] 



Figure 41: Average branching fraction of exclusive semileptonic B decays (a) —>■ D* l^Ui 
and (b) B^ D i^ui and individual results. For Aleph and Delphi, the measurements of 
B^ D*^l^v decays have been done both with inclusive ("partial reco") and exclusive ("excl") 
analyses based on a partial and full reconstruction of the B^ D*~C,^v decay, respectively. 



ALEPH (excl) 

32.0 ± 1.8 ± 1.3 " 
CLEO 

41.6± 1.3 ± 1.8 
OPAL (excl) 
37.2 ± 1.6 ± 1.5 
OPAL (partial reco) 
37.6 ± 1.2 ± 24 
DELPHI (partial reco) 
35.9 ± 1.4 ± 2.3 
BELLE (excl) 
34.9 ± 2.0 ± 1.8 
DELPHI (excl) 
36.6 ± 1.8 ± 1.9 
BABAR (excl) 
342 ± 0.3 ±1.1 
Average 

36.1 ± 0.6 
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Figure 42: (a) F(l)|\46| average and rescaled measurements of the exclusive B^ D*^l^v 
decays determined in a two-dimensional fit, where "excl" and "partial reco" refer to full and 
partial reconstruction, (b) F(l)|V"cfe| vs. error ellipse for Ax^ = 1 (CL=39%). 



averages have been computed for the product of branching fractions. The average are de- 
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Table 53: Average of the branching fraction D vr+f+z/^ and individual results. 



Experiment 


B{B+ D-n+i+Ui)[%] (rescaled) 


i3(B+ ^ D-n+£+Vi)[%] (pubhshed) 


Belle [181] 
BABAR [168] 


0.42 ± 0.04stat ± 0.05syst 
0.42 ± 0.06stat ± 0.03,yst 


0.40 ± 0.04,tat ± 0.06syst 
0.42 ± 0.06,tat ± 0.03syst 


Average 


0.42 ± 0.05 


xVdof = 0.001 (CL=98%) 


Table 54: Average of the branching fraction B^ —>■ D* n^l^vi and individual results. 


Experiment 


B{B+ D*-n+i+ue)[%] (rescaled) 




%] (published) 


Belle [181] 
BABAR [168] 


0.68 ± 0.08,tat ± O.OTsyst 
0.59 ± 0.05,tat ± 0.04syst 


0.64 ± 0.08stat ± 0.09syst 
0.59 d= 0.05stat ± 0.04syst 


Average 


0.61 ± 0.05 


xVdof = 0.5 (CL=49%) 



termined from the combination of the results provided in Tables [55] and [56] for B{B~^ —>■ 
Dl{D*-7i+)i+ue) X B0i D*-n+) and B{B+ Dl{D*-7r+)i+ue) x B(dI D*-n+), re- 
spectively. The measurements included in the average are scaled to a consistent set of input 
parameters and their errors, see Section 15.11 

For both the B-factory and the LEP and Tevatron results, the B semileptonic signal yields 
are extracted from a fit to the invariant mass distribution of the D*~tt^ system. Except CLEO 
and Belle results, the measurements are for the final state B — > D2{D*~'K^)Xi^iJi. Figure 1^ 
shows the measurements and the resulting average. 

Table 55: Average of the branching fraction B{B+ -> Tf^{D*-7i+)i+Ue) x B(lf^ D*-n+)) 
and individual results. 



Experiment 


B{B+ D'l{D*-n+)£+ue))[%] (rescaled) 


BiB+ Dl{D*-n+)i+ui))[%] (published) 


ALEPH [182] 
OPAL [183] 
CLEO [184] 
DO [185] 
Belle [181] 


0.45 ±0.10stat± O.OTsyst 

0.60±0.21stat±0.10syst 

0.35 ± 0.08stat ± 0.06syst 
0.22 ± 0.02stat ± 0.04syst 
0.44±0.07stat±0.06syst 


0.47 ± 0.098stat ± 0.074syst 
0.698 ± 0.21stat ± O.lOsyst 
0.373 ± 0.085stat ± 0.057syst 
0.219 ±0.018stat±0.035syst 
0.42 ± 0.07stat ± 0.07syst 


Average 


0.24 ± 0.04 


xVdof = 12/4 (CL=2%) 



5.3 Inclusive CKM-favored decays 

5.3.1 Inclusive Semileptonic Branching Fraction for B —>■ Xt^v^ 

The branching fraction for inclusive decays B — ^ X^'^Vl is presented, where B corresponds to 
both B° and B^ . We use measurements that require the momentum of the prompt charged 
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BELLE 
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b) 
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0.57 ± 0.21 ± 0.07 






BABAR 








BABAR 






0.43 ± 0.08 ± 0.03 








0.48 ± 0.08 ± 0.04 






Average ^^^^^^^B 








Average ^^^^^^^V 






0.06 ^^^^^^^^ 








































\End Of2007\ 








\End Of2007\ 






X7dof^0.0/|l (CL^ 99%)^ 








Z-/tlof^(|.l/ 1 (CL^^70%) 1 


1 





0.2 



0.2 



0.4 



0.6 



B(B 7r-rv)[%] 



0.2 0.4 0.6^ 0.8 

B(B° ^ D V) [%] 



BELLE 






c) 


0.42 ± 0.04 ± 0.05 


^ 1 


' - 




BABAR 




1 




0.42 ± 0.06 ± 0.03 


1 






Average ^^^^^^^^^^^ 
















\EndOf2007\ 

Z-/dor^O.O/|l ICL^ 98 %)^ 









BELLE 

068 ±0.08 ±007 



BABAR 

0.59 ± 0.05 ± 0.04 



d) 



HFAG 



I End Of 2007] 

Z-/dor^0.5/|l (CL^ 49%) 



0.4 0.6 
B(B^ ^ D" 71+ 1^ V) [%] 



0.4 



0.6 



0.8 



B(B ' ^ D " 71+ r V) [%] 



Figure 43: Average branching fraction of exclusive semileptonic B decays (a) ^ D n i'^ve, 
(b) 5° D*\-i+ue, (c) B+ D-TT+i+ue, and (d) B+ D*-n+e+ue. The corresponding 
individual results are also shown. 



lepton (pcms) to be greater than 0.6 GeV/c, as measured in the rest frame of either the 5-meson 
or T(4:S) o The measurements and average are given in Table [57] and plotted in Figure US 
We determine the branching fraction over the full lepton spectrum using an extrapolation 
factor derived from a global fit [192] employed to extract HQET parameters in the kinetic 
scheme [193-195] from measured moments of inclusive distributions (see section 15.3.51) . The 
global fit minimizes the dependence on the measurements used in this average. The extrapo- 
lation factor is 1.0495 ± 0.0005 ± 0.0010, where the first error represent the experimental and 

^•^The difference in reference frames has a negligible impact. 
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Table 56: Average of the branching fraction B{B+ D^{D*-7i+)i+ue) x BiD^ D*-n+)) 
and individual results. 



Experiment 


8(3- D^^{D*+7r-)i-Ve))[%] (rescaled) 


B{B- D0(D*+7r-)rz7^))[%] (published) 


CLEO [184] 
DO [185] 
Belle [181] 


0.06 ± O.OTstat ± O.Olsyst 
0.09 ± 0.02stat ± 0.02syst 
0.19 ± 0.06stat ± O.OSsyst 


0.059 ±0.066stat± 0.01 Isyst 
0.088 ± 0.018stat ± 0.020syst 
0.18±0.06stat±0.03syst 


Average 


0.09 ± 0.025 


xVdof = 2.8/2 (CL=25%) 



ALEPH 

0.45 ±0.10 + 0.07 
OPAL 

0.60 + 0.21 +0.10 
CLEO 

0.35 + 0.08 + 0.06 
DO 

0.22 + 0.02 ± 0.04 
BELLE 

0.44 + 0.07 + 0.06 



HFAG 



I End Of 2007] 

X-/do(^ 12.(Y4(CL|^ 2?<[) 



a) 



CLEO 




b) 


0.06 + 0.07 + 0.01 ' '- 






DO 






0.09 + 0.02 + 0.02 






BELLE 






0.19+0.06+0.03 






Average ^^^^^^^ 






^^^^^^^^ 
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Figure 44: Average of the product of branching fraction (a) B{B^ D^^D* Tr^)i^h'i) x 
B(D° D*-7r+) and (b) B{B+ dI{D*- 7r+y+ue) x B(dI D*-'k+) The corresponding 
individual results are also shown. 



theoretical uncertainties obtained from the global fit. The second error refers to an additional 
theoretical uncertainty on the ratio rsi(0.6)/rsi(0.0) of 0.1%, on the recommendation of the 
authors of the fit. The resultant full branching fraction is B{B Xi^Ui) = (10.74 ± 0.16)%. 



5.3.2 Ratio of B{B+ Xi+ue) to B{B^ Xi+ue) 

The total width of semileptonic i?-meson decays is expected to be the same for both neutral and 
charged B mesons. Therefore the ratio of the branching fractions, -R+o, should be equivalent 
to the ratio of the 5-meson lifetimes tb+/tbo, where 

BiB+ ^ Xi+u,) 

n+i — 



B{B^ Xe+ue) 
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Table 57: Average of the partial semileptonic branching fractions B{B —>■ Xi^i'£){pcms > 
0.6GeV/c) and the full branching fraction extrapolated from the average. In parentheses we 
identify the type of tag used to identify BB events: e-tag and i-tag refer to measurements with 
events tagged by an electron and either an electron or muon, respectively, -Breco-tag refers to 
analyses with events tagged by a fully reconstructed hadronic B decay. 



Experiment 


B{B Xi+ue)[%] (rescaled) 
(Pems > 0.6 GeV/c) 


B{B Xi+Ui)[%] (pubhshed) 
(Pems>0.6GeV/c) 


ARGUS (e-tag) 


[186] 


9.15 ±0.50 ±0.33 


9.10 ±0.50 ±0.40 


Belle (^-tag) 


[187] 


10.30 ±0.11 ±0.46 


10.24 ±0.11 ±0.46 


CLEO (e-tag) 


[188] 


10.23 ±0.08 ±0.22 


10.21 ±0.08 ±0.22 


BABAR (e-tag) 


[189] 


10.37 ±0.06 ±0.23 


10.36 ±0.06 ±0.23 


BABAR (B^,eco-tag) 


[190] 


10.03 ±0.19 ±0.33 


10.03 ±0.19 ±0.33 


Belle (Breco-tag) 


[191] 


10.28 ±0.18 ±0.24 


10.28 ±0.18 ±0.24 


Average at (pcms > 0.6GeV/c) 


10.23 ± 0.15 


xVdof = 4.2/5 (CL=52%) 


Btot{ByB+ ^Xiue) (%) 


10.74 ±0.16 





ARGUS (e tag) 
9.15 ±0.50 + 0.33 

BELLE (I tag) 
1O30 ±ail ±0.46 

CLEO (e tag) 
1023 ±0.08 ±0.22 

BABAR (e tag) 
1037 ±0.06 ±023 

BABAR (B,„„ tag) 
1O03 ±ai9 ±033 

BELLE (B„„, tag) 
1028 ±ai8 ±024 



Average 
10.23 ±ai5 



HFAG 
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a) 




8 10 
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Figure 45: (a) Measurements of B{B Xi^ue) and their average, (b) Measurements of the 
ratio of the branching fractions R+o and their average. 



Recently, both BABAR and Belle reported precise measurements of -R+o; using a "Breco" -tagged 
sample. The measurements and average are listed in Table [58] and plotted in Figure HS] The 
average, 1.076 ± 0.034, is in agreement with the ratio of lifetimes, 1.073 ± 0.008 (this preprint). 
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Table 58: Individual measurements and average of the ratio of the branching fractions -R+o- 



Experiment 


R+o 


BABAR [190] 
Belle [191] 


1.084 ±0.041 ±0.025 
1.069 ±0.040 ±0.026 


Average 


1.076 ± 0.034 
xVdof = 0.05/1 
CL=82% 



5.3.3 Branching Fractions for — > Xi^ue 

We provide averages of the branching fractions of B~^ Xi~^i>£ and B^ X'i^Ui separately, 
using the available measurements at the T{4S). We include the measurements from CLEO [196, 
197] and ARGUS [198], as well as the latest measurements made by Belle and BABAR that utilise 
the full reconstruction B-meson tag [190,191]. In those cases, we extrapolate from the partial 
to full branching fraction using a factor derived from a global fit [192], as in section [5.3.11 In 
contrast to the B admixture average, averages are made of the full branching fraction since 
CLEO and ARGUS do not present partial branching fractions. The measurements and averages 
are given in Tables [59] and [60] and plotted in Figure [46] for B~^ —>■ X^t^vi and B^ — ^ X~^^v^, 
respectively. 

Table 59: Individual measurements and average of the total semileptonic branching fraction 
B{B^ X^l'^Vi). "£-tag" and "Br-eco-tag" indicate analysis experimental technique. No 
rescaling is applied. 



Experiment 


BUB+ ^ XH+u,)\%] 


CLEO (£-tag) [196] 
BABAR (B^eco-tag) [190] 
Belle (B,eco-tag) [191] 


10.25 ±0.57 ±0.66 
10.90 ±0.27 ±0.39 
11.17 ±0.25 ±0.28 


Average 


10.99 ±0.28 
xVdof = 1.0/2 
CL=61% 



5.3.4 \Vcb\ Determined from B Xi^u^ 

The magnitude of the CKM matrix \Vcb\ can be determined from the branching fraction of 
inclusive charmed semileptonic B-meson decays B —>■ Xi'^Ui and with parameters that describe 
the motion of the 6-quark in the B-meson. These parameters, within the framework of the 
Heavy Quark Expansion (HQE), include the 6-quark mass, rrib- Phenomenology of these decays 
is reviewed in many papers [199]. In practice \Vcb\, mb, and other parameters are determined 
simultaneously from a global fit to measured moments of inclusive leptons spectrum, the hadron 
mass spectrum in semileptonic decays, and the inclusive photon spectrum in radiative B-meson 
penguin decays. The moments are measured as a function of a minimum lepton of photon 
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Table 60: Individual measurements and average of the total semileptonic branching fraction 
B{B^ X^d'^u). "partial-tag" and "-Breco-tag" indicate analysis experimental technique. No 
rescaling is applied. 



Experiment 


BtotiB^^X-£+u)[%] 


CLEO (partial-tag) [197] 
ARGUS (partial-tag) [198] 
CLEO (partial-tag) [196] 
BABM (Breco-tag) [190] 
Belle (Breco-tag) [191] 


9.9 ±3.0 ±0.9 
9.3 ± 1.1 ±1.5 
10.78 ±0.60 ±0.69 
10.14 ±0.28 ±0.33 
10.46 ±0.30 ±0.23 


Average 


10.33 ±0.28 
xVdof = 0.9/4 
CL= 92% 



CLEO (1 tag) 






a) 


10.25 + 0.57 ±0.66 ' ' ° 








BABAR (B„„, tag) 








10.90 +0.27 +0.39 


— ■ 






BELLE (B„„, tag) 








11.17 +0.25 +028 








Average ^^^^^^^^^^^^^^^^^^^H 
















HFAG ^^^^^^^H 
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Figure 46: (a) Measurements of the total semileptonic branching fraction B{B^ Xt^vi) and 
their average, (b) Individual measurements and average of the total semileptonic branching 
fraction E{B^ X^i^u). "£-tag", "partial-tag" and "-Breco-tag" indicate the event tag used 
in different analyses. 



energy. To date three types of global fits have been performed; they differ in the choice of 
scheme, either pole, "IS" or kinetic, which are characterized by different definitions of the b- 
quark mass rrib- However, fits in the pole scheme are disfavoured due to the poor convergence 
of series expansions in that scheme. In the following, we present the most up-to-date fits, 
which are performed in the kinetic and "IS" schemes. They are based on a common set of 
measurements. 
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5.3.5 HQE fit in the kinetic scheme 

This fit to the moment measurements relies on HQE calculations in the kinetic scheme pre- 
sented in Refs. [193-195], including lower energy dependent perturbative corrections to the 
hadron moments [200-202]. The inclusive spectral moments of i? — > Xci'^vi decays have been 
calculated in the kinetic scheme up to 0{l/m\) and 0{l/{a1)). The theoretical expressions 
for the truncated moments are given in terms of HQE parameters, and coefficients determined 
by theory, which are functions of the lower energy cut. As /i^ and p\g can be estimated from 
the B* — B mass splitting and heavy-quark sum rules, respectively, we impose Gaussian error 
constraints of /i^ = 0.35 ± O.OTGeV^ and p\g = —0.15 ± O.lOGeV^ on these parameters as 
advocated in Ref. [193]. The total of free parameters is then eight. The result of the com- 
bined fit of the HQEs to all moment measurements from BABAR [189,203-205], Belle [206-208], 
CDF [209], CLEO [210,211] and DELPHI [212] is shown in Table EI To asses the consistency 
of the calculations and the measurements for the two different decay processes, B —>■ Xci'^u^ 
and B Xs'~f, we have carried out separate fits to B ^ Xcl'^vi moments and to photon 
moments only. 

The fit to i? ^ Xc^'^vi moments only results in: 

iKfel = 41.68 ± 0.39fit ± 0.58rg^ x lO'^ , 

mfe = 4.677 ± 0.053fitGeV , 

rUc = 1.285 ±0.078fitGeV, 

pI = 0.387 ± 0.039fitGeV^ 

From the fit to -B — > Xg'y moments only we obtain: 

nib = 4.56l[5:?^GeV , 
= 0.44t°i?GeV^ 

A comparison of results from the combined fit with those obtained from fits to B Xci^vi 
and B Xg'^ moments separately can be found in Figure H?] where the Ax^ = 1 contours 
for the fit results are shown in the (m;,, \Vch\) and {rrib, pi) planes. However, as they are not 
sensitive to all the heavy quark parameters, all but rub and p^ are fixed to the result obtained 
from the combined fit. It can be seen that the inclusion of the photon energy moments adds 
additional sensitivity to the 6-quark mass nib. The values for the b-quark mass mb and p^. from 
the two fits agree within 1.3cr and 0.3o", respectively. 

It is of interest to compare the extracted 6-quark mass in the kinetic scheme with other 
determinations in the commonly used MS scheme. The translation between the kinetic and MS 
masses to two loop accuracy and including the BLM part of the corrections [195] leads to 

m^(m^) = 4.22 ± 0.04 GeV. 

5.3.6 Global Fits in the IS* scheme 

An independent fit in the IS* scheme is performed with the same set of measured lepton energy, 
hadron mass and photon energy moments as in section I5.3.5[ 
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Figure 47: Comparison of scenarios from fits in the kinetic mass scheme. Figure (a) shows 
the Ax^ = 1 contour in the (m^,//^) plane for the combined fit to all moments (red), the fit to 
hadron and lepton moments only (blue) and the fit to photon moments only (green). Figure 
(b) shows the results for the combined fit (red) and the fit to hadron and lepton moments only 
(blue) in the (mfe,|V^f,|) plane. 



The inclusive spectral moments of -B ^ Xciiy decays are derived up to 0{l/ml) in Ref. [214]. 

The theoretical expressions for the truncated moments are given in terms of HQE parameters, 

and coefficients determined by theory, which are functions of the lower lepton energy threshold 



E-[ain- The non-perturbative corrections are parametrized by the parameters, A {0{mb)), Ai 
and A2 (0(l/m^)), and ri, T2, t^, t^, pi and p2 ((9(l/m^)). One of the higher order parameters, 
T4 is set to zero, and from available constraints, e.g. B* — B mass splitting, A2 = 0.1227 — 
O.OI45A1 and p2 = 0.1361 + T2, following the prescription in Ref. [214]. 

A total of seven parameters are then determined. We performed the IS fit following the 
method described in Ref. [215]. Measurements with higher cutoff energies {i.e. electron energy 
and hadron mass moments with -Emin > 1-5 GeV and photon energy moments with £'min > 
2 GeV) are not used to determine the HQE parameters, as theoretical predictions are not 
considered reliable in this region. Finally, points where correlations with neighbouring points 
are too high have also been excluded. 

The following results are obtained for the parameters in the fit to the full B —>■ X^i'^ui and 
B Xs-f data set (xVn-d.f.= 25.3/63): 

\Vcb\ = (41.78 ± 0.30 ± 0.08) x 10"^ , 
ml^ = (4.701 ± 0.030) GeV/c^ , and 
Ai = (-0.313 ± 0.025) GeV^ . 

The corresponding fit parameter correlations are given in Table [621 The consistency between 
the fit results for the two different decay processes, B — > X^i^ui and B — > Xg'j , is assessed by 
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\Vcb\ 


1 s 


Ai 




1.000 


-0.379 


-0.232 






1.000 


0.852 


Ai 






1.000 



Table 62: Correlation coefficients of the parameters in the IS fit. 



performing the fit with and without the inclusion of the photon moments. The fit to only the 
B XctP moments results in (x^/n.d.f.= 22.7/63): 

(41.56 ±0.39 ±0.08) x 10"^ , 
(4.751 ± 0.058) GeV/c^ , and 
(-0.274 ±0.047) GeV^ . 

The first error is from the fit including experimental and theory errors, and the second error 
(on \Vcb\ only) is due to the uncertainty on the average B lifetime. The precision on \Vcb\ is 
of order 1%. The Ax^ = 1 fit contour plots in the (m;,,Ai) and (r?7,f,,|K;6|) planes are shown in 
Figure HHl AH fit results are preliminary. 



m 



cb\ 
IS 



Ai 




Figure 48: Comparison of scenarios from fits in the IS* mass scheme. Figure (a) shows the Ax^ 
= 1 contour in the (mb,Ai) plane for the combined fit to all moments (red), the fit to hadron 
and lepton moments only (blue). Figure (b) shows the results for the combined fit (red) and 
the fit to hadron and lepton moments only (blue) in the (m6,|K;b|) plane. 
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5.4 Exclusive CKM-suppressed decays 

In this section, we list results on exclusive semileptonic branching fractions and determinations 
of \ Vub\ based on B ^ Tci'^ui decays. A new measurement of the exclusive decay B Tci^ui from 
CLEO was presented in 2007 [216]. Come previous preliminary results from the other Collab- 
orations were finalized. The measurements are based on two different event selections: tagged 
events, in which the second B meson in the event is fully reconstructed in either a hadronic 
decay {'^Breco") or in a CKM-favored semileptonic decay ("SL"); and untagged events, in which 
case the selection infers the momentum of the undetected neutrino from the measurement of 
the sum of the momenta of all detected particles and the knowledge of the initial state. The 
results for the full and partial branching fraction are given in Table |63] and shown in Figure HH 
(a). 

When averaging these results, systematic uncertainties due to external inputs, e.g., form 
factor shapes and background estimates from the modeling of B ^ X^i'^ui and B Xud-^v^ 
decays, are treated as fully correlated. Uncertainties due to experimental reconstruction effects 
are treated as fully correlated among measurements from a given experiment. 

Table 63: Summary of exclusive determinations of B{B Tci^ue). The errors quoted corre- 
spond to statistical and systematic uncertainties, respectively. Measured branching fractions 
for B~^ — ir^i'^i'i have been multiplied by 2 x tbo/tb+ [3] in accordance with isospin symmetry. 
The labels ''Breco" and "SL" tags refer to the type of B decay tag used in a measurement, and 
"untagged" refers to an untagged measurement. Concerning Ref. [220], only the measurement 
in the full is presented. 







B{q' > 16GeVVc^)[10-^] 


B{q' < 16GeVVc^)[10-^] 


CLEO 7r+,7r'J [216] 
BABAR 7r+ [217] 


1.37 ±0.15 ±0.11 
1.46 ±0.07 ±0.08 


0.41 ±0.08 ±0.04 
0.38 ±0.04 ±0.03 


0.96 ±0.13 ±0.10 
1.09 ±0.06 ±0.07 


Average of untagged 


1.43 ± 0.07 ± 0.08 


0.39 ± 0.04 ± 0.04 


1.05 ± 0.06 ± 0.07 


BELLE SL 7r+ [218] 
BELLE SL 7r° [218] 
BABAR SL 7r+ [219] 
BABAR SL 7r° [219] 
BABAR Breco 7r+ [219] 
BABAR Breco 7r° [219] 
BELLE Breco vr+ [220] 
BELLE Breco 7r° [220] 


1.38 ±0.19 ±0.14 
1.45 ±0.26 ±0.15 
1.12 ±0.25 ±0.10 
1.37 ±0.34 ±0.15 
1.07 ±0.27 ±0.15 
1.54 ±0.41 ±0.21 
1.49 ±0.26 ±0.06 
1.62 ±0.32 ±0.11 


0.36 ±0.10 ±0.04 
0.38 ±0.15 ±0.04 
0.29 ±0.15 ±0.04 
0.19 ±0.23 ±0.08 
0.65 ±0.20 ±0.13 
0.49 ±0.23 ±0.11 

n/a 

n/a 


1.02 ±0.16 ±0.11 
1.07 ±0.23 ±0.11 
0.83 ±0.22 ±0.08 
1.18 ±0.30 ±0.12 
0.42 ±0.18 ±0.05 
1.05 ±0.36 ±0.15 

n/a 

n/a 


Average of tagged 


1.35 ± 0.10 ± 0.07 


0.36 ± 0.06 ± 0.03 


0.83 ± 0.09 ± 0.06 


Average 


1.40 ± 0.06 ± 0.06 


0.38 ± 0.03 ± 0.03 


0.95 ± 0.05 ± 0.05 


The determination of \Vub\ from the B — > Tri'^ug decays is shown in Table EH and uses the 
average branching fraction given in Table [631 Two theoretical approaches are used: QCD sum 
rules [221] and Lattice QCD (unquenched [177,222] and quenched [223]). Lattice calculations 
of the Form Factors (FF) are limited to small hadron momenta, i.e. large g^, while calculations 
based on light cone sum rules are restricted to small q^. More precise calculations of the FF, 



in particular their normalization, are needed to reduce the overall uncertainties. 
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BABAR SL lag: B * -> Jl" T V x 2l„/T^ 

1.37 ±()34±0.15 

BABAR B„„, lag: B * ^ 71° T V x 2t„/t^ 
1.54 ±0.41 ±0.21 

BELLE SL tag: B * -» 7t° T v x 2x„/t^ 

1.45 ±0.26 ±0.15 

BELLE B„„, tag: B * ^ 7l" T V X 2t„/t^ 

1.62 ±0.32 ±0.11 

BABAR SL tag: B ° ^ it" T v 

1.12 ±0.25 ±0.10 — 

BELLE SL tag: B ° -» r L V 

1.38 ±0.19 ±0.14 

BABAR B„„ tag: B ° ^ if T v 

1.07 ±0.27 ±0.15 "—■ 

CLEO untagged: B -> Jl 1* v 

1.37 ±0.15 ±0.11 

BABAR untagged: B ^ it T v 

1.46 ±0.07 ±0.08 

BELLE B„^,„ tag: B " ^ It T V 
1.49 ±0.26 ±0.06 
Average: B " — > n" T v_ 
1.40 ±0.06 ±0.06 

X7dof^3.0/7(CL^ 97%) 



a) 



HFAG 



I End Of 2007] 



2 
B(B° ^ TT r V ) [X 10"^] 



CLEO: B° -> p r V 






2.69 ±0.41 ±0.63 






CLEO: B° -> p r V 






2.93 ± 0.37 ± 0.37 






BABAR: B° -> p T V 






2.14 ±0.21 ±0.55 * 






B " — > p' r V ^^^^^^^^^^^^1 






2.64 ±0.21 ±0.33 ^^^^^^^^^^^V 








1 1 





b(b'' ^ p" r V ) [X 10"^] 



Figure 49: (a) Summary of exclusive determinations of B{B — > vrf+z/^) and their average. 
Measured branching fractions for B n^i'^i'i have been multiphed by 2 x tbo/tb+ [3] in 
accordance with isospin symmetry. The labels ^^Breco" and "SL" refer to type of B decay tag 
used in a measurement, "untagged" refers to an untagged measurement, (b) Summary of 
exclusive determinations of B{B — > pl^vi) and their average. 



We present for the first time also branching fractions for B —>■ pi'^i'i decays in Table [53] and 
Figure Sni (b). The determination of \Vub\ from these other channels looks less promising than 
for B iri'^i'i, primarily because there is limited theoretical information on the normalization 
and shape of the form factors, thus at the moment it is not extracted. 

Branching fractions for other B X^i'^i'e decays are given in Table [Ml 



5.5 Inclusive CKM-suppressed decays 

The large background from B Xf.i'^i'i decays is the chief experimental limitation in determi- 
nations of \Vub\- Cuts designed to reject this background limit the acceptance for B — >• Xui'^ue 
decays. The calculation of partial rates for these restricted acceptances is more complicated 
and requires substantial theoretical machinery. In this update, we had added several new the- 
oretical calculations to extract \Vub\- We do not advocate the use of one method over another. 
The authors for the different calculations have provided codes to compute the partial rates in 
limited regions of phase space covered by the measurements. 

For the averages we performed, the systematic errors associated with the modeling of i? ^ 
Xci'^h'i and B — >■ X„£"'"z/£ decays and the theoretical uncertainties are taken as fully correlated 
among all measurements. Reconstruction-related uncertainties are taken as fully correlated 
within a given experiment. From the three results published each by BABAR and Belle [227,228], 
only one is used in the average, because the three measurements are all based on the same 
dataset and are highly correlated. Specifically, we use the Mx analysis result for the averages. 
As a consequence, the experimental results have negligible statistical correlations. To make 
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Table 64: Determinations of \Vub\ based on the average total and partial B —>■ -k'I^vi decay 
branching fraction stated in Table [HSi The first uncertainty is experimental, and the second is 
from theory. The full or partial branching fractions are used as indicated. Acronysms for the 
calculations refer to either the method (LCSR) or the collaboration working on it (HPQCD, 
FNAL, APE). 



Method 


|K6|[io-=^] 




LCSR, full g2 [221] 

LCSR, g2 < l6GeVVc2 [221] 


3.41 ±0.111^:^^ 
3.38±0.13l|]J^ 


HPQCD, full g2 [222] 
HPQCD, g2 > 16 GeVVc^ [222] 


3.11±0.10l^;li| 
3.47 ± 0.20t|j|^ 


FNAL, full g2 [177] 

FNAL, g2 > 16 GeVVc^ [177] 


3.80 ±0.12™ 
3.69 ± 0.211°:^^ 


APE, full g2 [223] 

APE, g2 > 16 GeVVc^ [223] 


3.59 ±0.111^-^^ 
3.72 ±0.211^;^^ 



Table 65: Summary of exclusive determinations of B{B pi^ui). The errors quoted correspond 
to statistical and systematic uncertainties, respectively. 



^[10-*] 


CLEO p+ 


[216] 


2.69 ±0.41 ±0.63 


CLEO p+ 


[216] 


2.93 ±0.37 ±0.37 


BABAR p+ 


[224] 


2.14 ±0.21 ±0.55 


Average 




2.64 ± 0.21 ± 0.33 



Table 66: Summary of branching fractions to B{B Xi^Ui) decays other than B -kI^vi 
and B pd-^vi- The errors quoted correspond to statistical and systematic uncertainties, 
respectively. Where a third uncertainty is quoted, it corresponds to uncertainties from form 
factor shapes. 



Experiment 


Mode 




B[io-l 


BELLE [225] 


B+ ^ 




1.3 ±0.4 ±0.2 ±0.3 


CLEO [216] 


B+ ^ 




0.84 ±0.31 ±0.16 ±0.09 


BABM [226] 


B+ ^ 




0.84 ±0.27 ±0.21 


BABM [226] 


B+ ^ 




0.33 ±0.60 ±0.30 



use of the theoretical calculations of Ref. [229], we restrict the kinematic range in Mx and g^, 
thereby reducing the size of the data sample significantly, but also the theoretical uncertainty, 
as stated by the authors [229]. The dependence of the quoted error on the measured value for 
each source of error is taken into account in the calculation of the averages. Measurements of 
partial branching fractions for B X^i'^ui transitions from T{AS) decays, together with the 
corresponding accepted region, are given in Table W7\ The signal yields for all the measurements 
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shown in Table are not rescaled to common input values of the B meson lifetime (see tablelH]) 
and the semileptonic width [3]. 

It has been first suggested by Neubert [230] and later detailed by Leibovich, Low, and Roth- 
stein (LLR) [231] and Lange, Neubert and Paz (LNP) [232], that the uncertainty of the leading 
shape functions can be eliminated by comparing inclusive rates for B X^f+z/^ decays with 
the inclusive photon spectrum in 5 — > Xg'y, based on the assumption that the shape functions 
for transitions to light quarks, u or s, are the same to first order. However, shape function 
uncertainties are only eliminated at the leading order and they still enter via the signal models 
used for the determination of efficiency. For completeness, we provide a comparison of the 
results using calculations with reduced dependence on the shape function, as just introduced, 
with our averages using different theoretical approaches. Results are presented by BABAR in 
Ref. [233] using the LLR prescription. More recently, V.B.Golubev, V.G.Luth and Yu.I.Skovpen 
(Ref. [234]) extracted \ Vub\ from the endpoint spectrum of B ^ Xui~^i^£ from BABAR [235], using 
several theoretical approaches with reduced dependence on the shape function. In both cases, 
the photon energy spectrum in the rest frame of the 5-meson by BABAR [204] has been used. 

Table 67: Summary of inclusive determinations of partial branching fractions for B Xu^^vi 
decays. The errors quoted on /\B correspond to statistical and systematic uncertainties. The 
P+ analysis is actually not used in the current averages since it is stringly correlated with the 
Mx analysis. The s™^^ variable is described in Refs. [237,238]. 



5.5.1 BLNP 

Bosch, Lange, Neubert and Paz (BLNP) [241-245] provide theoretical expressions for the triple 
differential decay rate for B Xut^u^ events, incorporating all known contributions, whilst 
smoothly interpolating between the "shape-function region" of large hadronic energy and small 
invariant mass, and the "OPE region" in which all hadronic kinematical variables scale with 
the 6-quark mass. BLNP assign uncertainties to the 6-quark mass which enters through the 
leading shape function, to sub-leading shape function forms, to possible weak annihilation 
contribution, and to matching scales. The extracted values of \Vub\ for each measurement along 
with their average are given in Table EHl and illustrated in Figure [50l The total uncertainty 
is t^po and is due to: statistics (^lo^o), detector (lal^), B XJ+ue model B 



Measurement Accepted region 



CLEO [236] ^e>2.1GeV 

BABAR [238] Ee > 2.0 GeV, < 3.5 GeV^ 

BABAR [235] Ee > 2.0 GeV 

BELLE [239] £;e>l-9GeV 

BABAR [227] Mx < 1.7 GeV/c^, q'^ > 8 GeVVc^ 

BELLE [240] Mx < l.7GeY/c^, q"^ > 8 GeV^/c^ 

BELLE [228] Mx < 1.7 GeV/c^, q^ > 8 GeY^/c^ 

BABAR [227] P+ < 0.66 GeV 

BELLE [228] P+ < 0.66 GeV 

BABAR [227] Mx < 1.55 GeV/c^ 

BELLE [228] Mx < 1.7GeV/c^ 



3.3 ±0.2 ±0.7 

4.4 ±0.4 ±0.4 
5.7 ±0.4 ±0.5 

8.5 ± 0.4 ± 1.5 
8.1 ±0.8 ±0.7 
7.4 ± 0.9 ± 1.3 
8.4 ±0.8 ±0.4 
9.4 ± 1.0 ±0.8 
11.0 ± 1.0 ± 1.6 
11.7 ±0.9 ±0.7 
12.3 ±1.1 ±1.2 
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Xy_i^U£ model (li 4%), heavy quark parameters {'tl'^s^o), SF functional form {tQ^%), sub-leading 
shape functions {'^^qj%), BLNP theory: matching scales fi, /ij, {-3^%), and weak annihilation 
(li;3%)- The error on the HQE parameters (6-quark mass and /i^) is the source of the largest 
uncertainty, while the uncertainty assigned for the matching scales is a close second. 



Table 68: Summary of input parameters used by the different theory calculations, corresponding 
inclusive determinations of \Vub\ and their average. The errors quoted on \Vub\ correspond to 
experimental and theoretical uncertainties, respectively. Note that only the Mx analysis is 
used for Refs. [227, 228] , as the other analyses are highly correlated. 



BLNP 



DGE 



GGOU 



ADFR 



BLL 



Input parameters 



scheme 
Ref. 



nib (GeV) 
fil (GeV^) 



Ref. 



SF 

see Sect. 15.3.51 

(only b civ 

moments) 
+0.059 
-0.053 

n 2ifi 

U.ZID _o.o76 



MS 
Ref. [3] 



4.20 ±0.07 



kinetic 
see Sect. 15.3.51 

< — > ciu + h ^ 
moments) 
4.613 1°;°^? 
0-408 



MS 
Ref. [3] 



4.20 ±0.07 



IS 

see Sect. 15.3.61 



4.70 ±0.03 



+0.38 
0.32 
+0.34 
0.28 
+0.36 
0.30 
+0.35 
-0.30 
+0.42 
0.36 
+0.29 
0.24 
+0.33 
-0.28 



±045^^ 
± 0.47;°;i 
±0.45;°:! 

-0.25 
-0.24 
-0.37 
-0.36 
-0.27 
-0.24 
-0.30 
-0.29 



\Vub\ values 
3.70 ± 0.43+^:^^ 
4.15±0.44t[]J^ 
4.55 ± 0.42j:°|2 

h0:23 
-0.33 



-0.26 
0.25 
0.26 
0.23 
0.24 
1/1^0.25 
J^^-0.26 
9C+0.26 
^"-0.26 
-0.26 
-0.27 
-0.27 
-0.28 



Ee [236] 

Mx,q^ [240] 
Ee [239] 
Ee [235] 
£;e,sr" [238] 
Mx [228] 
Mx [227] 
Mx,g' [227] 
Mx,g2 [228] 



3.52 ±0.41 
3.98 
4.36 
3.90 
3.95 
3.66 
3.73 



0.42 
0.41 
0.22 
0.27 
0.24 
0.18 



3.85 
4.43 
4.81 
4.30 
4.42 
4.29 
4.55 



±0.291 
± 0.30: 
±0.28: 
±0.22" 



4.07 ±0.23 



3.89 ± 0.26t[}:22 

4.01 ±o.i9j:J]:29 



3.47 ±0. 
3.93 ±0. 
3.18 ±0. 
3.44 ± 0. 
3.87 ±0. 
3.91 ±0. 
4.01 ±0. 



26; 
20 



3.71 ± 0.50: 



-0.35 
-0.35 



4.71 ± 0.50+1^:1 



4.92 ± 0.32l°J^ 



5.01 ±0.39: 



+0.32 
-0.27 



-0.26 



-0.23 



3.78 ±0.13^"^^ 



1-0.37 
-0.37 



-0.38 



Average 



3.98 ±0.14 



4.47 ±0.16" 



3.94 ±0.15" 



4.91 ± 0.24 



5.5.2 DGE 

J.R. Andersen and E. Gardi (Dressed Gluon Exponentiation, DGE) [246] provide a frame- 
work where the on-shell 6-quark calculation, converted into hadronic variables, is directly used 
as an approximation to the meson decay spectrum without the use of a leading-power non- 
perturbative function (or, in other words, a shape function). The on-shell mass of the 6-quark 
within the S-meson (m^) is required as input. The extracted values of \Vub\ for each measure- 
ment along with their average are given in Table [Ml and illustrated in Figure [511 The total 
error is 119%, whose breakdown is: statistics (ti;9%), detector {'^^%), B — > Xc^'^ui model 
(1l?%), B ^ XJ+Ui model (!};}%), spectral fraction (m?,) (+3:3%), strong coupling a, (^0:8%), 
total semileptonic width (nib) {-l'x)%), weak annihilation (li;9%), DGE theory: matching scales 
(^3;!%). The largest contribution to the total error is due to the effect of the uncertainty on 
TTib on the prediction of the event rate, closely followed by the specific theory error on overall 
DGE and the total semileptonic decay width. 
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CLEO (E,) 






3.52 ±0.41 +0.3S-0.32 ' ' ■ 






BELLE sim. ann. (m^^, q") 


i 

i 




3.9S ± 0.42 + 0.34 - 0.28 






BELLE (E„) 






436 ±0.41 +0.36-0.30 






BABAR (E,) 






3.90 ± 022 + 035 - 0.30 


' » ■ ■ 




BABAR (E„, s™") 


' * 




3.95 ± 0.27 + 0.42 - 0.36 






BELLE (rrix) 






3.66 + 0.24 + 0.29 - 0.24 ' 






BABAR (m^) 






3.73 ±0.18 + 0.33 -0.28 ' ' 






Average +/- exp + theory - theory 






3.98 ±014 + 0.32 -0.27 






x'/dof = 6.5/6(CL= 37%) 

Bosch, Lange, Neubert and Paz (BLNP) 
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Figure 50: Measurements of |Ktfe 

the BLNP prescription. "-Eg", ' , {-^^^x,h j "n^i y^e, 
and cuts used for the measurement of the partial decay rates 



from inclusive semileptonic decays and their average based on 
"My", "(Mx,g2)" and "(Ee, s^^^"^')" indicate the distributions 



CLEO (E„) 










3.85 ± 0.45 + 0.28 - 


0.27 








BELLE sitn. ann. (my^, q^) 








4.43 ± 0.47 + 0.23 - 


0.21 








BELLE (EJ 










481 ±0.45 + 022- 


0.21 








BABAR (E„) 










4.30 ± 0.29 + 0.25 - 


0.24 








BABAR (E„, s;»" 


) 








4.42 ± 030 + 037 - 


0.36 








BELLE 










4.29 ± 0.28 + 0.27 - 


0.24 








BABAR 










4.55 ± 0.22 + 0.30 - 


0.29 








Average +/- exp + theory - 


theory ^^^^^^ 






4.47 ±0.16 + 0.25 - 


0.26 








X=/dof=8.0/6(CL= 24%) 
Andersen and Gardi (DGE) 








JHEP 0601:097,2006 
m^ inpnt from b-|> c 


V and b-> 


y moments 
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Figure 51: Measurements of 

on the DGE prescription. "E'e" , " 



from inclusive semileptonic decays and their average based 
fx' 



My", "(Mx,g^)" and "(Eg, s^''^)" indicate the analysis type. 
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3.70 ± 0.43 + 0.25 - 0.39 ' ' 








BELLE sim. ann. (m^, q^) 








4.15 + 0.44 + 0.33 -0.34 
















4.55 + 0.42 + 0.22-0.31 








D A O A D /H7 \ 

dAdAK (h;^) 








4.07 ± 0.23 + 0.23 - 0.33 








BELLE nijj 








3.89 + 0.26 + 0.19-0.22 
















4.01 ±0.19 + 0.26-0.29 








Average +/- exp + theory - theory 

3.94 ±015 +020 -0.23 








P. Gambiiio, P. Giordano, G. Ossola, N. Uraltsev 
JHEP 0710:058,2007 (GGOU) 
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Figure 52: Measurements of \Vub\ from inclusive semileptonic decays and their average based on 
the GGOU prescription. "E^", "M^", "(Mx,?^)" and "(^^,5^'')" indicate the analysis type. 

5.5.3 GGOU 

Gambino, Giordano, Ossola and Uraltsev (GGOU) [247] compute the triple differential decay 
rates of i? — > X^f+z/^, including all perturbative and non-perturbative effects through 0(a^/3o) 
and 0{l/m\). The Fermi motion is parameterized in terms of a single light-cone function 
for each structure function and for any value of g^, accounting for all sub leading effects. The 
calculations are performed in the kinetic scheme, a framework characterized by a Wilsonian 
treatment with a hard cutoff yU ~ 1 GeV. At present, GGOU have not included calculations for 
the "(-Eg, s^"^')" analysis, but this addition is planned. The extracted values of \Vub\ for each 
measurement along with their average are given in Table [68] and illustrated in Figure [521 The 
total error is whose breakdown is: statistics (113%), detector B —> X^i'^i'i model 

(li!2%)' ^ ~^ Xu^^vi model (lj;g%), a^, and other non-perturbative parameters 
higher order perturbative and non-perturbative corrections (li'7%), modelling of the tail 
and choice of the scale q^* (^2 7%)) weak annihilations matrix element (^31%), functional form 
of the distribution functions (loi%)) The leading uncertainties on \Vub\ are both from theory, 
and are due to perturbative and non-perturbative parameters and the modelling of the q^ tail 
and choice of the scale q^*. 

5.5.4 ADFR 

Aglietti, Di Lodovico, Ferrera and Ricciardi (ADFR) [248] use a new approach to extract \Vuh\, 
which makes use of the ratio of the B — > Xct^v^ and B Xu^^vi widths. The normalized triple 
differential decay rate for B — * X„£+z/^ [249-252] is calculated with a model based on (i) soft- 
gluon resummation to next-to-next-leading order and (ii) an effective QCD coupling without 
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CLEO (EJ 






3.47 ±0.19 + 0.25-0.26 ' ' ■ 






BELLE sim. ann. (nij., t^) 






3.93 ±0.38 + 0.25-0.26 






BELLE (Eg) 






3.18 +0.18 + 0.23-0.24 . i 4 . . 






BABAR (E.) 






3.44 ±0.12 + 0.25 -0.26 ' ' * 






BABAR (E^, s»") 






3.87 ±0.27 + 0.25-0.26 






BELLE 






3.91 ±0.26 + 0.26 - 0.27 






BABAR iHx 






4.01 +0.21+0.27-0.28 






Average +/- exp + theory - theory 






3.78 ±0.13 ±0.24 






U.Aglietti, F.Di Lodovico, G.Ferrera , G.Ricciaidi (ADFR) 
[arXiv:07 1 1 .08601 . and references therein 
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Figure 53: Measurements of \ Vub\ from inclusive semileptonic decays and their average based on 



the ADFR prescription. 



"Mx", "(Mx,g2)" and "(E^, s^^'^^)" indicate the analysis type. 



Landau pole. This coupling is constructed by means of an extrapolation to low energy of the 
high-energy behaviour of the standard coupling. More technically, an analyticity principle is 
used. The lower cut on the electron energy for the endpoint analyses is 2.3 GeV [249]. The 
extracted values of | Vub \ for each measurement along with their average are given in Table |68] 
and illustrated in Figure 1351 The total error is whose breakdown is: statistics (]'^}g%), 

detector B X4+ue model B XJ+ue model a, {tH%)AVcb\ 



r+1.4 



r+i-Oc 



r+4.5 



]^ 47oj, mb Ui;57oj, nic (.llis'/oj, semileptonic branching fraction (^?;o%), theory model {'^^^%) 
The leading uncertainties, both from theory, are due to the itlc mass and the theory model. 



5.5.5 BLL 



Bauer, Ligeti, and Luke (BLL) [229] give a HQET-based prescription that advocates combined 
cuts on the dilepton invariant mass, g^, and hadronic mass, m^, to minimise the overall un- 
certainty on \Vuh\- In their reckoning a cut on mx only, although most efficient at preserving 
phase space (~80%), makes the calculation of the partial rate untenable due to uncalculable 
corrections to the 6-quark distribution function or shape function. These corrections are sup- 
pressed if events in the low region are removed. The cut combination used in measurements 
is Mx < 1.7 GeV/c^ and > 8 GeV^/c^. The extracted values of \Vuh\ for each measurement 
along with their average are given in Table ESI and illustrated in Figure [Ml The total error 

detector B X^C+u^ model 



+9.0C 



IS J_5;57o whose breakdown is: statistics 



B — ^ XuH-^yi model spectral fraction (mf,) (l3;o%), perturbative : strong coupling 



_3q7oj, residual shape function (_4;5%), third order terms in the OPE The leading 

uncertainties, both from theory, are due to residual shape function effects and third order terms 
in the OPE expansion. The leading experimental uncertainty is due to statistics. 
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Figure 54: Measurements of \Vub\ from inclusive semileptonic decays and their average in the 
BLL prescription. "(Mx,?^)" indicates the analysis type. 



5.5.6 Summary 

A summary of the averages presented in several different frameworks and results by V.B.Golubev, 
V.G.Luth and Yu.I.Skovpen [234], based on prescriptions by LLR [231] and LNP [232] to re- 
duce the leading shape function uncertainties are presented in Table [Ml A value judgement 
based on a direct comparison should be avoided at the moment, experimental and theoretical 
uncertainties play out differently between the schemes and the theoretical assumptions for the 
theory calculations are different. 



Table 69: Summary of inclusive determinations of \Vub\- The errors quoted on \ Vub\ correspond 
to experimental and theoretical uncertainties, except for the last two measurements where the 
errors are due to the BABAR endpoint analysis, the BABAR 6 — 57 analysis [233] , the theoretical 
errors and Vfs for the last averages. 



Framework 



I Kb I [10- 



3.98 ±0.14+^:^^ 
4.47±0.16l[]:| 
3.94±0.15lJ]:23 
3.78 ±0.1315]:^^ 

4.91 ±0.24 ±0.38 

4.92 ±0.32 ±0.36 

4.28 ± 0.29 ± 0.29 ± 0.26 ± 0.28 
4.40 ± 0.30 ± 0.41 ± 0.23 



BLNP 
DGE 
GGOU 
ADFR 

BLL {mx/q^ only) 
LLR (BABAR) [233] 
LLR (BABAR) [234] 
LNP (BABAR) [234] 
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6 5-decays to charmed hadrons 



This section reports the updated contribution to the HFAG report from the "i? —>■ charm" 
group0. The mandate of the group is to compile measurements and perform averages of all 
available quantities related to B decays to charmed particles, excluding CP related quantities. 
To date the group has analyzed a total of 492 measurements reported in 148 papers, principally 
branching fractions. The group aims to organize and present the copious information on B 
decays to charmed particles obtained from a combined sample of about two billion B mesons 
from the BABAR, Belle and CDF Collaborations. 

This huge sample of B mesons allows to measure decays to states with open or hidden 
charm content with unprecedented precision. Branching fractions for rare 5-meson decays or 
decay chains of a few 10~^ are being measured with statistical uncertainties typically below 
30%, and new decay chains can be accessed with branching fractions down to 10~^. Results 
for more common decay chains, with branching fractions around 10~^, are becoming precision 
measurements, with uncertainties typically at the 3% level. Some decays have been observed 
for the first time, for example B^ J/iprj or B^ ^cPi with a branching fraction of (9.6 ± 
1.8) X 10"^ and (2.11^;^) x 10-^ respectively. 

The large sample of B mesons allows to greatly improve our understanding of recently 
discovered new states with either hidden or open charm content, such as the X(3872), the 
D*j(2317) and Djj{24:60) mesons. Measurements with many different final states for these 
particles are reported, allowing to shed more light on their nature. The D D (2007) decay 
of the X(3872) has been observed for the first time. Using the branching fraction products 
B{B~ — > X(3872)_ft'~) X i3(X(3872) /), a hierarchy can be estabhshed between the decay 
modes /: these branching fraction products are found to be (1.67±0.59) x 10~^, (0.12±0.02) x 
10-^ and (0.022±0.005) x 10'^, for D°D*°(2007), J/ijn+n' and respectively. This is an 

important piece of information to discriminate between various interpretations for the X(3872) 
state. 

The measurements are classified according to the decaying particle: Charged B, Neutral B 
or Miscellaneous; the decay products and the type of quantity: branching fraction, product 
of branching fractions, ratio of branching fractions or other quantities. For the decay product 
classification the below precedence order is used to ensure that each measurement appears in 
only one category. 

• new particles 

• strange D mesons 

• baryons 

• J/^ 

• charmonium other than J/ip 

• multiple D, D* or D** mesons 

• a single D* or D** meson 

• a single D meson 

• other particles 

^''The HFAG/BtoCharm group was formed in the spring of 2005; it performs its work using an XML database 
backed web application. 
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Within each table the measurements are color coded according to the publication status 
and age. Table [70] provides a key to the color scheme and categories used. When viewing 
the tables with most pdf viewers every number, label and average provides hyperlinks to the 
corresponding reference and individual quantity web pages on the HFAG/BtoCharm group 



website http://hfag.phys.ntu.edu.tw The links provided in the captions of the table lead to 
the corresponding compilation pages. Both the individual and compilation webpages provide a 
graphical view of the results, in a variety of formats. 

Tables [7T] to 111 ll provide either limits at 90% confidence level or measurements with statis- 
tical and systematic uncertainties and in some cases a third error corresponding to correlated 
systematics. For details on the meanings of the uncertainties and access to the references click 
on the numbers to visit the corresponding web pages. Where there are multiple determinations 
of the same quantity by one experiment the table footnotes act to distinguish the methods or 
datasets used; such cases are visually highlighted in the table by presenting the measurements 
on the lines beneath the quantity label. Where both limits and measured values of a quantity 
are available the limits are presented in the tables but are not used in the determination of the 
average. Where only limits are available the most stringent is presented in the Average column 
of the tables. Where available the PDG 2006 result is also presented. 
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Table 70: Key to the colors used to classify the results presented in tables [71] to lllll When viewing these tables in a pdf 
viewer each number, label and average provides a hyperlink to the corresponding online version provided by the charm subgroup 



website http://hfag.phys.ntu.edu.tw/b2charm/. Where an experiment has multiple determinations of a single quantity they are 
distinguished by the table footnotes. 

Class Definition 



waiting 
pubhot 
prehot 
pub 

pre 

pubold 

preold 

error 

superceeded 
inactive 
no quo 



Results without a preprint available 
Results published during or after 2007 
Preprint released during or after 2007 
Results published after or during 2006 
Preprint released after or during 2006 
Results published before 2006 
Preprint released before 2006 
Incomplete information to classify 

Results superceeded by more recent measurements from the same experiment 
Results in the process of being entered into the database 
Results without quotes 



Table 71: Branching fractions of charged B modes producing new particles in units of 10 ^, upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00101.html 



Mode 




PDG 2006 Belle 


BABAR CDF 


Average 


X{3872)K- 




1 < 0.32 1 


1 < 0.32 1 


1 < 0.32 1 


D-j{2m)D^ 






14.3 ±1.6 ±1.3 1 


1 4.3 ±2.1 1 


D7j(2460)D*^ 


(2007) 




1 11.2 ±2.6 ±2.0 1 


1 11.2 ±3.3 1 



Table 72: Product branching fractions of charged B modes producing new particles in units of 10 ^, upper limits are at 90% CL. 



The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00101.html 



Mode 



PDG 2006 



Belle 



BABAR 



CDF 



Average 



K-X{3872)[^J/^Ij{1S)] 



K'X{3872)[J/-ilj{lS)r]] 



K-X{3872)[n+n-J/tlj{lS)] 



K-Y{39A0)[J/^{1S)^] 



K-Y{A260)\J/ip{lS)TT+TT- 



K^X-{3872)[J/ij{lS)n-n^^ 



K-X{3872)[D+D- 



K-Y (3940)1 J /iIj{1S)uj{782) 



K-X{3872)\D^D 



K-X(3872)\D^7r'>] 



K-X{3872)\D (2007)D°] 



D^D-j{2A60)[D-n+n- 



D^j{2AQ0) 



D^D^{2m)\D-- 



D: 



TT 



D^>Dt,j{2317)-\Dri] 



D*'^{2007)Dlj{2317)-[Dj7T^ 



D'D*,j{2317)-\D;n' 



D'D-j{2460)\D:-j 



D*'>{2007)D-j{2AQ0)[D~-f 



D''D-j{24:60)[D 



D*°{2007)D;j{2A60)[D*-n^ 



I < 0.077 I 
0.11 ±0.02 

I < 0.29 I 
I < 0.22 I 
I < 0.40 I 

I < 0.60 I 
I < 0.60 I 

14.7^1.3 I 

I 9.0 ±7.0 I 
I 7.4 ±2.1 I 

I < 9.8 I 
I 14.0^7.0 I 
I 14.0^6.0 I 
I 76 ± 33 I 



0.0180 ±0.0060 ±0.0010 



0.13 ±0.02 ±0.01 



I < 0.40 I 

I < 0.60 I 
I < 0.60 I 



5.6±^|±1.7 



].l ±1° ±2.4 



l< 9.8 I 



11.9 ±1^ ±3.6 



0.033 ±0.010 ±0.003 



I < 0.077 I 



0.101 ±0.025 ±0.010 



I < 0.140 I 



0.20 ±0.07 ±0.02 
I < 0.221 



0.49 ±0.10 ±0.05 



I 1.67 ±0.36 ±0.47 I 



6.00 ± 2.00 ± i.oo±^:i][i 



9.0±6.0±2.0±|i] 



10.00 ± 3.00 ± i.oo±^:°° 



14.0 ± 4.0 ±3.0±|g 



27.0 ± 7.0 ±5.0±|[| 



76±17±18±?| 



0.022 ± 0.005 



I < 0.077 I 
I 0.12 ±0.021 
I < 0.140 I 
I 0.20 ±0.071 
I < 0.22 I 
I < 0.40 I 
0.49 ± 0.11 



I < 0.60 I 
I < 0.60 I 
1.67 ± 0.59 



l< 9.8 I 



i5.o±i:i 



' "='=29 



Table 73: Branching fractions of charged B modes producing strange D mesons in units of 10 ^, upper hmits are at 90% CL. The 



D*+K-7r- 



DtK-Tx- 



D-D 



D*-D^ 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00102.html 



D-D*^{2m7) I 100 ± 40 



l< 9.8 I 



109 ± 27 I 
I 72 ± 26 I 



0.15±i]:[if ±0.01 ±0.02 



I < 0.28 h 



I 1.84 ±0.19 ±0.40 ±0.06 
I 1.67 ±0.16 ±0.35 ±0.05 h " 

I 1.77 ±0.12 ±0.16 ±0.231 I 1.88 ± 0.13 ± 0.41 ± 0.061 3° 

I 2.02 ±0.13 ±0.38 ±0.06 h» 



85.2±|^ 



D*-D*^{2m7) I 220 ± 70 I 



I 133 ± 18 ±121 
I 93±18±T91 
I 121 ± 23 ±"201 
I 170 ± 26 ±"241 



Evidence for the Rare Decay B+ -D + tt" (232M BB pairs) ; B — > D~ n 
D~'K^ {internal document) {124M BB pairs) ; B" — > 



Search for B 



Observation of the decays B 
Observation of the decays B — ^ 



{324M BB pairs) 

. 



B~ -> Dl + K~-K~ 

and B^ oi 



Mode 




PDG 2006 


rjeiie 


IDAlJAtL LyJJr 


/\vei age 


^70(1020) 


1 < 0.019 1 




1 < 0.019 1 


1 < 0.019 1 


D+K-R- 






1 0.110 ± 0.040 ± 0.020 ± 0.003 | 


0.11 ± 0.04 


D*r6{W2{]] l< 0.120 1 




1 < 0.120 1 


1 < 0.120 1 


D*+K 








1 < 0.150 1 


1 < 0.150 1 






1 < 1.70 1 






0.15 ± 0.05 



1.67 ± 0.39 



1.86 ±0.24 



93 ±26 



121 ±30 I 
170 ±35 I 



(383M BB pairs) 



Table 74: Product branching fractions of charged B modes producing strange D mesons in units of 10 upper limits are at 90% 

Average 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00102.html 
Mode 



PDG 2006 Belle 



BABAR 



CDF 



2536)[D (2007)ir- 



(2536) (2010);^] 



£)*°(2OO7)D7[0(lO2O)7r- 



DTD'\D- ^ 0(lO2O)7r- 



D^D-\<p{lQ2Q) 



TX 



D (2007)D;i(2536)[£' (2007)7^- 



D*-D*^{2mi)\D, 



0(1020) 



TT 



£)*°(2007)£'7i(2536)[£'*-(2010)ir 



I 4.4 ±1.7 I 
I 3.2 ± 1.1 I 
4.80 ± 1.00 



I 9.7 ±2.8 I 



2.16 ±0.52 ±0.45 



2.30 ±0.98 ±0.43 



2.95 ±0.65 ±0.36 



3.13 ± 1.19 ±0.58 



4.00 ±0.61 ±0.61 



I 5.5±1.2±T0l 
I 8.6±1.5±Tn 

I < 10.71 



2.16 ± 0.69 



2.3 ± 1.1 



I 2.95 ± 0.74" 
I 3.1 ± 1.3 I 
I 4.00 ±0.86" 



5.5 ± 1.6 



I 8.6 ±1.9 I 
I < 10.7 I 



Table 75: Branching fractions of charged B modes producing baryons in units of 10 ^, upper hmits are at 90% CL. The latest 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html 
Mode 



PDG 2006 



Belle 



BAB4R 



CDF Average 



J/i){lS)E^p I < 1.10 I 



Kl.lOl 



Jli){lS)Ap I 1.18 ±0.31 I 



£'*+(2010)pp 



1.16±0.28±°:i 



1 1 a _l0.74 I 0.42 
I.IU =1=0,53 ='=0.18 



I < 1.50 I 



A+p-K 



I 21.0 ±7.0 I 



AtA-K- 



lo. t -1-4 Q _i_^.o _i_ ^.v 

65.0 ±^V ±11.0 ±34.0 



I 35.3 ± 1.8 ±3.1 ±9.2 I 



< 1.10 



1.16 ± 0.31 



I < 1.50 I 



Sfp 


l< 4.6 1 


l< 4.6 1 


l< 4.6 1 




l< 8.0 1 


1 < 9.3 1 


1 < 9.3 1 



24.2±' 



5.7 



65 ± 37 



Table 76: Product branching fractions of charged B modes producing baryons in units of 10 ^, upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html 
Mode 



PDG 2006 



Belle 



BAR4R 



CDF Average 



K-r],{lS)[AA] 




n nqp; +0.025 +0.008 

V.VJO =l=Q 022 ="=0.011 




0.10 ± 0.03 


K-r],ilS)\pp] 


1 0.12 ±0.04 1 


o.i4±o.oi±[J:[]^ 


0.18 ±^2 ±0.02 


0.15 ± 0.02 


K-J/^{1S)[AA] 


0.20 ±[J:[]i ±0.03 




0.20 ± 0.05 


K~J/i^{lS)\vv\ 10.22 ±0.011 1 


0.22 ±0.01 ±0.01 1 1 0.22 ±0.02 ±0.01 1 


0.22 ± 0.01 


A^^'^^'-7i^\ 4.80 ±i-^^ ±1.10 ± 1.20 4.8 ±1.9 



Table 77: Ratios of branching fractions of charged B modes producing baryons in units of 10°, upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html 



Mode 



PDG 2006 Belle 



BABAR 



B{B- 



^A+pw ) 



CDF Average 



I 16.4 ± 2.9 ± 1.3 I 



I 16.4 ±3.2 I 



Table 78: Branching fractions of charged B modes producing J/ip{lS) in units of 10 ^, upper hmits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00104.html 



Mode 



PDG 2006 



Belle 



BABAR 



CDF 



Average 



-k-tx^JUj^IS) 




J/ij{lS)D'^7i 






J/tp{lS)(f){1020)K- 


J/ip{lS)7T- 






p-i770)J/ij{lS) 


J/ij{lS)i]K- 






J/ip{lS)D- 






J/iIj{1S)uj{782)K- 




J/ip{lS)K- 







I < 0.25 I 
0.52^0.17 
0.49 ±0.06 



1.08 ±0.33 
I < 1.20 I 



10.08 ±0.35 



I < 0.251 
0.38 ±0.06 ±0.03 



r^O.073 I 
1^0521 
I 0.44 ±0.14 ±0.05 ±0.01 I 
I 0.54 ±0.04 ±0.02 I 
I 0.50 ±0.07 ±0.03 I 
I 1.08 ± 0.23 ± 0.24 ±0.0"31 

I 3.50 ±0.20 ±0.40 I 



I 10.10 ±0.20 ±0.70 ±0.201 | 10.61 ± 0.15 ± 0.44 ± O.TSl ' 

I 10.10 ±0.90 ±0.60 h 



8.10 ± 1.30 ±0.70 



I < 0.073 I 

I < 0.25 I 
0.44 ±0.15 
0.48 ± 0.04 



0.50 ±0.08 



1.08 ±0.33 



I < 1.20 I 
3.50 ±0.45 



10.26 ±0.37 



J/^Ij{1S)K-tt+tt^ 


1 10.7 ± 1.9 1 




1 11.60 ±0.70 ±0.90 1 


1 6.9 ±1.8 ±1.2 1 


1 10.6 ± 1.0 1 


J /'ilj{lS)K*- (892) 


1 14.10 ±0.80 1 


1 12.80 ± 0.70 ± 1.40 ±0.20 1 


1 14.54 ±0.47 ±0.94 ±0.25 1 


1 15.8 ±4.7 ±2.7 1 


1 14.03 ±0.88 1 


J/tp{lS)K{{1270) 


1 18.0 ±5.2 1 


1 18.0 ±3.4 ±3.0 ±2.5 1 






1 18.0 ±5.2 1 



MEASUREMENT OF BRANCHING FRACTIONS AND CHARGE ASYMMETRIES FOR EXCLUSIVE B DECAYS TO CHARMONIUM {124M BB pairs) ; B~ J/^K' with J/4i to Icptons 
MEASUREMENT OF THE S+ ^ ppK+ BRANCHING FRACTION AND STUDY OF THE DECAY DYNAMICS {232M SB pairs) ; B^ J/tpK^ witli J/V> -> pp 
Measurements of the absolute branching fractions of B^ — t K^X^-^ (231. 8M BB pairs) ; B~ — > J/^K~ (inclusive) 



Table 79: Product branching fractions of charged B modes producing J/il){lS) in units of 10 ^, upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00104.html 



Mode 



PDG 2006 Belle BABAR CDF Average 



K-hJlP)\Jl^{lS)Ti+Ti-] I < 0.034 I 



I < 0.034 I 



I < 0.034 I 



Table 80: Ratios of branching fractions of charged B modes producing J/iIj{1S) in units of 10", upper hmits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00104.html 



Mode 



PDG 2006 



Belle 



BABAR 



CDF 



Average 



l3(B-^J/i>{lS)Tr-) 
B{B-^.J/-il)(lS)K-) 



B(B-^J/i/.(15)i<'f (1400)) 


B{B-^.J/il}{lS)KV {127m 






B(B-^J/tb(lS)K-) 




B{B-^J/i){lS)K-) 



B(B-- 


J/i){lS)K*^{892)) 


1 


B(B 


-^J/rb(lS)K-) 




B{B-- 


.J/i)(lS)K-{1270}) 




B{B 


--^J/i>(lS)K-) 





0.049 ±0.006 



I < 0.30 I 
0.60 ±0.20 I 
1.33 ± 0.44 1 



1.39 ±0.09 



0.054 ±0.004 ±0.001 



I < 0.30 I 



0.60 ±[]:^^ ±0.05 ± 0.0^ 



I 1.28 ±0.10 ±0.38 h 
I 1.06 ±0.23 ±0.04 h 

I 1.37 ±0.05 ±0.08 I 



1.80 ±0.34 ±0.34 



0.0500 ±^;^^^^ ±0.0010 



0.049 ± 0.008 ± 0.002 h 



1.92 ±0.60 ±0.17 



0.052 ± 0.004 



I < 0.30 I 



Q-6o±[]:i 



I 1.12±0.20~| 



1.38 ±0.09 
1.80 ±0.48 



Measurement of the Branching Fraction B{B~^ — * J/i/>7r"'") and Search for S'^^" — > J/i/jTr"^ 
Measurement of the Branching Fraction B{B~''~ — ^ J/tp7v~''~) and Search for B'^~^ — > J/ip7v~''~ 

Measurement of the Ratio of Branching Fractions B(B - J/psi Pi)/B{B - J/psi K) ; Br(B-J/psiPi)/Br(B-J/psi K) 

Branching Fraction Measurements of B — ^ rjcK Decays (86. IM BB pairs) ; Ratio B~ — * ric.K~ to B~ — * J/ipK~ with rjc — » KKtv 

Measurements of the absolute branching fractions of B^ — *■ K-^X^-^ (231. 8M BB pairs) ; Ratio B~ — >■ ricK~ to B~ — >■ J/tpK~ (inclusive analysis) 



Table 81: Branching fractions of charged B modes producing charmonium other than J /ipilS) in units of 10 upper hmits are 
at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00105.html 



Mode 



PDG 2006 



Belle 



BABAR 



CDF 



Average 



6.00 ±f:^^ ±0.70 ±0.90 



270±0.70 h 
1.84 ±0.32 ±0.14 ±0.281 3 

1.34 ± 0.45 ± 0.15 ± 0.14"! 1 



hc{lP)K- 






1 < 0.038 1 




1 < 0.038 1 


Xc2ilP)K*- 


(892) 


1 < 0.120 1 




1 < 0.120 1 


1 < 0.120 1 








1 0.22 ±0.04 ±0.03 1 




0.22 ± 0.05 


Xc2{lP)K- 




1 < 0.29 1 




1 < 0.30 1 


1 < 0.30 1 


Xco(lP)vr- 








1 < 0.61 1 


1 < 0.61 1 


Xco{lP)K- 




1 1.60 ±0.50 1 






1.88 ± 0.30 



r],{lS)K*-{892) 



12.50 ± 1.40 ±l:^g ±3.80 I 12.90 ± 0.90 ± 1.30 ± 3.6^01 



13.8 ±^| ±1.5 ±4.2 



I 8.7± 1.5 h 



Xco(lP)i^*-(892) 



1^291 



19 1 +4.3 I 3.4 I 5.4 
IZ.l 3=3^5 312.8^2.8 



1^291 



Vci2S)K~ 




13.4 ±1.8 1 




1 3.40 ± 1.80 ±0.30 1 




1 3.4 ± 1.8 1 


Xci{lP)K*' 


(892) 


1 3.60 ±0.90 1 


1 4.10 ±0.60 ±0.90 1 


1 2.94 ±0.95 ±0.93 ±0.31 I 




3.65 ± 0.85 


tlj{3770)K- 




1 4.9 ± 1.3 1 


1 4.80 ± 1.10 ±0.70 1 


1 3.50 ±2.50 ±0.30 I 




1 4.5 ± 1.2 1 


Xci{lP)K- 




1 5.30 ±0.70 1 








5.01 ± 0.37 








1 4.50 ±0.20 ±0.70 1 


1 8.00 ± 1.40 ±0.70 h" 


1 15.5 ±5.4 ±2.0 1 












1 4.90 ±0.20 ±0.40 h 






iIj(2S)K- 




1 6.48 ±0.35 1 








1 6.32 ±0.37 1 








1 6.90 ±0.60 1 


1 6.17 ±0.32 ±0.38 ±0.23 h 


1 5.50 ± 1.00 ±0.60 1 












1 4.90 ± 1.60 ±0.40 






tlj{2S)K*-{8 


92) 


1 6.7 ± 1.4 1 


1 S.13± 0.77 ±0.89 1 


1 5.92 ±0.85 ±0.86 ±0.22 I 




1 7.07 ±0.85 1 


Vc{lS)K- 




1 9.1 ±1.3 1 








1 9.8 ± 1.3 1 



< 29 



Dalitz-plot analysis of the decays X^tt^tt^ (226M BB pairs) ; B XcO^ with XcO ~* 7r"^7r (Dalitz analysis) 

MEASUREMENT OF THE BRANCHING FRACTION FOR S± XcoK"^. (88. 9M SB pairs) ; S" ^ XcoK^ with XaO ^ K+X" , Tr+Tr" 
Dalitz plot analysis of the decay B^ —> (226M SB pairs) ; K^XcO< with chicO — » (Dalitz analysis) 

Search for B X(3872) if , X (3872) J/4>j (287M BS pairs) ; B~ XalK~ with Xal to J/i/'7 

MEASUREMENT OF BRANCHING FRACTIONS AND CHARGE ASYMMETRIES FOR EXCLUSIVE B DECAYS TO CHARMONIUM (124M BB pairs) ; B" -. ii(2S)K^ with 4i{2S) to Icptons 
Measurements of the absolute branching fractions of B^ K^X^- (231. 8M SB pairs) ; B~ ^ i}(2S)K^ (inclusive) ; B^ XclK^ (inclusive) ; VcK^ (inclusive) ; ' 

B~ — * XcQ^~ (inclusive) 

MEASUREMENT OF THE B+ BRANCHING FRACTION AND STUDY OF THE DECAY DYNAMICS {232M SB pairs) ; B^ ^ VcK^ with rjc PP 

Branching Fraction Measurements of B — > rj^K Decays (86. IM BB pairs) ; B^ — ► rj^K^ with 77^ — '• KKir 



CO 

00 



Table 82: Product branching fractions of charged B modes producing charmonium other than J/ip{lS) in units of 10 ^, upper 



hmits are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00105.html 

Mode 



PDG 2006 Belle 



BABAR 



CDF Average 



K-i){?,llQ)\D+D-] 


1 0.84 ±0.32 ±0.21 1 


0.84 ± 0.38 




1 1.41 ±0.30 ±0.22 1 


1.41 ± 0.37 



Table 83: Ratios of branching fractions of charged B modes producing charmonium other than J/tp{lS) in units of 10 ^, upper 

Average 



limits are at 90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00105.html 
Mode 



PDG 2006 



Belle 



BABAR 



CDF 



l3{B--.Xci(lP)7T-) 
B(B-^y.UlP)K-) 



0.43 ±0.08 ±0.03 



0.43 ± 0.09 



B(B-^h,XlP}K-}x&(h,{lP)-*v,{lSh) 
B(B-^nJlS)K^) 



B(B-^y.UlP)K-) 



Bi,B-^'tP('2S)K*-(m)) 
B{B-^iIj{2S)K-) 



5.1 ±2.3 I 
9.6 ± 1.7 I 



I < 0.581 
I 5.1 ±1.7 ±1:61 
9.60 ± 1.50 ±0.90 



< 0.58 



I 5.1 ±2.3 I 
I 9.6 ± 1.7 I 



Table 84: Branching fractions of charged B modes producing multiple D* or D** mesons in units of 10 ^, upper limits are 



90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00106.html 



Mode 




PDG 2006 


Belle 


BABAR 


CDF 


Average 






0.11 ±o.o3±°:°2 






0.11 ± 0.04 


D^D*-{2010) 


1 0.46 ± 0.09 1 1 


0.46 ±0.07 ±0.06 


1 1 0.36 ±0.05 ±0.04 1 




1 0.39 ±0.05 1 


D-D^^ 1 




1 0.48 ±0.10 1 








0.41 ± 0.04 



D+D-R- 1 






1 < 0.40 1 


D+D*-{2010)K- 






1 < 0.70 1 


D*°(2007)L'*-(2010) 




l< 11.0 1 


D^D^K- 






1 1.37 ±0.32 1 


D*+{2010)D-K- 






1 1.50 ±0.40 1 


D*~ (2010) D*+ (2010) K- 


1 < 1.80 1 








|< 2.8 1 


D*^i2007)TfK- 






1 < 3.8 1 


D^W{2mi)K- 






1 4.70 ± 1.00 1 


D^D*-{2010)k" 






1 5.2 ± 1.2 1 


D*" (2007)0*^(2007) K- 


1 5.3 ± 1.6 1 


D*^(2007)D-k" 


K6.1I 


D*\2007)D*-(2010)lC 


1 7.8 ±2.6 1 



0.38 ±0.03 ±0.04 
0.56 ±0.08 ±0.06 



I < 0.90 I 



I 1.17± 0.21 ±0.15 I 



0.38 ±0.06 ±0.04 ±0.03 



r^oioi 
r^oToi 

I 0.81 ±0.12 ±0.11 ±0.06" 
I 1.90 ±0.30 ±0.30 I 
I 1.50 ±0.30 ±0.20 I 



RXSOl 
I 4.70 ±0.70 ±0.70 



5.20 ±lf^ ±0.70 



5.30 ±^:^[] ±1.20 



7.8±^:j±1.4 



I < 0.40 I 
I < 0.70 I 
I 0.81 ±0.171 
I 1.37 ±0.221 
I 1.50 ±0.36 I 



I < 1.80 I 
I 4.70 ±0.99" 



5.2±l:? 



I 5.3 ± 1.6 I 



Observation of D+ , B~ D^D~ and B~ D°D*~ decays (152M BB pairs) 

Measurement of B+ - D+ DObar branching fraction and charge asymmetry and search for BO - DO DObar (656. 7M BB pairs) 



o 



Table 85: Product branching fractions of charged B modes producing multiple D* or D** mesons in units of 10 ^, upper limits 

Average 



are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00106.html 
Mode 



PDG 2006 



Belle 



BABAR 



CDF 



7r-£'°(2420) [L'*°(2007)7r-7r' 



7r-£'*°(2460) [£'*°(2007)7r^7r- 



7r~D^°(2460)[£'*+(2010)7r' 
TT-Dl{2A20)[D''n-n+ 



71- D*'\2A60)[D+^- 



I < 0.060 I 
I < 0.22 I 



I < 0.060 I 
I < 0.22 I 



I < 0.060 I 
I < 0.22 I 



n-D^^{H)[D*+{2010)n- 



n-D*^[D' 



IT 



7r-D°(2420)[L'*+(2010)7r' 



1.80 ±0.50 1 1 


1.80 ±0.30 ±0.30 ±0.20 


1 1 1.80 ±0.30 ±0.50 1 1 


1.80 ±0.36 1 


1.90 ±0.60 1 


1.85 ± 0.29 ± 0.35±j];5S] 








3.40 ±0.80 1 1 


3.40 ±0.30 ±0.60 ±0.40 


1 1 2.90 ±0.20 ±0.50 1 1 


3.06 ± 0.44 1 


r 


5.00 ± 0.40 ± 1.00 ±0.40 


1 


5.0 ± 1.1 1 


L 


6.10 ± 0.60 ± 0.90 ± 1.60 


J 


6.1 ± 1.9 1 


16.8 ±1.5 1 1 


6.80 ± 0.70 ± 1.30 ±0.30 


1 1 5.90 ± 0.30 ± 1.10 1 1 


6.23 ±0.91 1 



Table 86: Ratios of branching fractions of charged B modes producing multiple D, D* or D** mesons in units of 10°, upper limits 



are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00106.html 



Mode 



PDG 2006 



Belle 



BABAR 



CDF 



Average 



B(B-^D°K-) 



B(B-^D*"(2007]n~) 



B(B-^Dy(2420)7r-) 



B(B-^D*"{m7)7T-) 
B(B-^D"tt- 



BjB-^D" 



T 



B(B-^D<-'tt-) 



B[B-^D^Tr 
B0'^D+T. 



0.083 ±0.0101 I 0.077 ±0.005 ±0.006 I I 0.083 ± 0.003 ± 0.002 I I 0.065 ± 0.007 ± 0.004 I | 0.079 ± 0.003 



0.08 ±0.02 I I 0.078 ± 0.019 ± 0.009 



0.081 ± 0.004±°:°°^ 



I 0.80 ±0.07 ±0.16 I 
I 1.14 ±0.07 ±0.04 I 
I 1.22 ±0.13 ±0.23 I 



0.081 ±0.005 
I 0.80 ±0.171 
1.14 ± 0.08 



1.22 ± 0.26 



I 1.97 ±0.10 ±0.21 I I 1.97 ±0.23] 



Table 87: Branching fractions of charged B modes producing a single D* or D** meson in units of 10 ^, upper limits are at 90% 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00107.html 



Mode 






PDG 2006 


Belle 


BAR4R 


CDF Average 


D*-(2010)7r° 






1 < 1.70 1 


1 < 0.030 1 




1 < 0.030 1 








1 < 0.090 1 




1 < 0.090 1 


1 < 0.090 1 


D*^{2m7)K- 






1 3.70 ± 0.40 1 


1 3.59 ±0.87 ±0.41 ±0.31 1 




1 3.6 ± 1.0 1 


D*°{2007)K*- 


(892) 


1 8.1 ± 1.4 1 




1 8.30 ± 1.10 ±0.96 ±0.27 1 


1 8.3 ± 1.5 1 


D*^ {2007) K-K^ 




1 < 10.6 1 


1 < 10.6 1 




1 < 10.6 1 


D*+{2010)tt-tt- 




1 13.5 ±2.2 1 


1 12.50 ±0.80 ±2.20 I 


1 12.20 ± O.UO ± i.aO 1 


1 12.3 ± 1.5 1 


D*°(2007)fs:-fs:*°(892) 


1 15.0 ±4.0 1 


1 15.3 ±3.1 ±2.9 1 




1 15.3 ±4.2 1 


D*+(2010)7r-7T 






1 26.0 ±4.0 1 


1 25.6 ±2.6 ±3.3 1 




1 25.6 ±4.2 1 


L'*°(2007)7r- 






1 46.0 ±4.0 1 






52.8 ± 2.8 



55.20 ± 1.70 ±4.20 ±0.201 ' 
I 51.3 ±2.2 ±2.8 h 
I 55.0 ± 5.2 ± 10.4 I 



£'*°(2007) 



£'*°(2007)7r-7r+7r- 



103 ± 12 I 



I 56.7 ±9.1 ±8.5 I 
I 105.5 ± 4.7 ± 12.9 I 



55 ± 12 



I 57 ± 12 I 
I 106 ± 14 I 



Branching fraction measurements and isospin analyses for B — > £)'*^7r decays (65M BB pairs) ; B —* i)*^7r 

Measurement of the Absolute Branching Fractions B — >■ D^* tt with a Missing Mass method (231M BB pairs) ; B~ — > D*^Tr~ 



Table 88: Branching fractions of charged B modes producing a single D meson in units of 10 upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00108.html 
Mode 



PDG 2006 



Belle 



EAR4R 



D'K 



D'^K- I 



D^K*-{m2) 



I < 0.050 I 
I 4.08 ± 0.24" 
I 6.30 ±0.80 



I 3.83 ±0.25 ±0.30 ±0.221 



I < 0.050 I 



5.29 ± 0.30 ± 0.34 h 

6.30 ±0.70 ±0.50 h 



I 49.2 ±2.0 



CDF Average 



49.00 ±0.70 ±2.20 ±0.06 
I 44.9 ±2.1 ±2.3 h 



I < 0.050 I 
3.83 ±0.45 
5.29 ±0.45 



D^K- 


-K' 1 


1 5.5 ± 1.6 1 


1 5.50 ± 1.40 ±0.80 1 




1 5.5 ±1.6 1 


D^K- 




1 7.5 ±1.7 1 


1 7.5 ±1.3 ±1.1 1 




1 7.5 ±1.7 1 


D + TT- 




1 10.2 ±1.6 1 


1 10.20 ±0.40 ±1.50 1 


1 8.70 ± 0.40 ± 1.30 1 


1 9.4 ±1.0 1 



47.5 ± 1.9 



Measurement of the B — * D K* branching fraction (232M BB pairs) ; Measurement of of the B — > D K* 
Measurement of the Branching Fraction for B^ D'^K*~ (86M B'B pairs) ; B~ D'^K*~ 

Branching fraction measurements and isospin analyses for B — > D^*^ Tr~ decays (65M BB pairs) ; B~ — * D'^Tr~ 
Measurement of the Absolute Branching Fractions B — * jji* -jj- with a Missing Mass method (231M BB pairs) 



branching fraction 



B- D"-K- 



Table 89: Branching fractions of neutral B modes producing new particles in units of 10 ^, upper limits are at 90% CL. The latest 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00201.html 



Mode 




PDG 2006 Belle 


BABAR 


CDF Average 


X+(3872)K- 




1 < 0.50 1 


1 < 0.50 1 


1 < 0.50 1 


d;j{2AQ0)d+ 






1 2.60 ± 1.50 ±0.70 1 


1 2.6 ±1.7 1 


D:j{2m)D*+ 


(2010) 




1 8.8 ± 2.0 ± 1.4 1 


1 8.8 ±2.4 1 



Table 90: Product branching fractions of neutral B modes producing new particles in units of 10 ^, upper limits are at 90% CL. 



The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00201.html 
Mode 



PDG 2006 



Belle 



BABAR 



CDF Average 



7r+D-,(2460)[D77j 



X(3872)[J/^(lg)7r+7^- 



ir-X+(3872)[J/^(l^)7^+7^' 



K-Dtj{2Am)\Dtl 



y (3940) [ J/^(lg)cj(782) 



7r+D:j(2317)-[D77r°] 
ir-D:.,(2317)+[D+7r° 



D+D-j(2Am)[D-Ti+Ti 



D+Dlj{2Am)\D 



ir''X(3872)[£'*''(2007)£'°j 



D+D-j{2Am)[D*--i 



D+D-,(2460)[D;7] 



D+D;,,(2317)-[Dr7 



D+D:,;(2317)-[D^ 



Z}*+(2010)D:,(2460)[D .77] 



D+D;:,(2460)[Z}r7r^ 



L)*+(2010)D;^(2460)[D* 



TT 



I < 2.00 I 



r9TT3n 

D*+(2010)D*;(2317)~[D77r'^] | I 15.0 ± 6.0 I 

[23:0 ±8.0 I 
[200 ±5.0 I 
I 55 ± 23 I 



I < 0.040 I 



I < 0.040 I 

I < 0.103 I 
I < 0.054 I 
I < 0.094 I 

I < 0.25 I 

0.43 ±0.15 I I 0.44 ± 0.08 ± 0.06 ±0.11~| 



I < 0.086 I 



I < 0.25 I 



I < 2.00 I 
l< 6.0 I 



.2 ±];l ±2.5 



1^931 



■6±y ±2.6 



22.7 ±^:| ±6.8 



0.051 ±0.028 ±0.007 I 
I < 0.0541 



o.i5±[]:l^ ±0.02 



^.00±2.00± 1.00±|°° 



18.0 ± 4.0 ±3.0±|i] 



15.0 ± 4.0 ±2.0± 



3.0 



23.0 ± 3.0 ±3.0±|° 



28.0 ± 8.0 ± 5.0±^V 



55.0 ± 12.0 ± 10.0±^|i] 



I < 0.040 I 

0.05 ±0.03 
I < 0.054 I 
I < 0.086 I 



0.15 ± 0.13 



I < 0.25 I 
0.44 ±0.15 
I < 2.00 I 

i< 4.4 1 

i< 6.0 1 



15.0±' 



5.4 



23.0±^i 



2A.Q±ll 



Table 91: Ratios of branching fractions of neutral B modes producing new particles in units of 10*^, upper limits are at 90% CL. 
The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00201.html 

Mode PDG 2006 Belle BABAR CDF Average 



Table 92: Branching fractions of neutral B modes producing strange D mesons in units of 10 ^, upper limits are at 90% CL. The 

e 

J 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00202.html 

Mode PDG 2006 Belle 



CDF 



I 0.022 ± 0.007 I 



I 0.024 ±[j;go8 ±0.004 ± 0.006 | 



d; 


"a+(980) 




-o+(770) 







0.032 ± 0.009 ± 0.007 ± O.OOS 



0.013 ± ().()().:! = 0.001 ± 0.002 



I 0.014 ± 0.003 I 



I D+Ap I 



I < 0.60 I 
I < 0.025 1 



I 0.031 ± 0.008 I 
I < 0.041~| 



I < o.oTiTI 
I < o.oTg~| 

I 0.020 ± 0.005 ± 0.003 ± 0.0031 ^" 
I < 0.025 1 ^ 



I 0.046 ±^-oli ±0.006 ± 0.012 | 



0.032 ± 0.010 ± 0.007 ± 0.008 



0.025 ± 0.004 ± 0.002 ± 0.003 



I 0.028 ± 0.006 ± 0.004 ± 0.00"3~| ^° 
I < 0.041 1 ^ 



_D!__a+X980) 



0.029 ± 0.007 ± 0.005 ± 0.004 



I < O.OlFI 
I < O.oTiTI 
I 0.020 ± 0.006 I 



I 0.027 ± 0.005 I 
I 0.028 ± 0.008 I 
I 0.031 ± 0.008 I 



D-D+ I 



DJa^f (1320) I 



D:"a+(1320y I 



I < 0.100 1 
I < 0.130 1 
I < 0.24 I 



I < 0.200 1 ^ 
I < 0.036 1 ° 



I < 0.036~| 

I 0.055 ± 0.013 ± 0.010 ± O.OOTI 
I < 0.055n 

I < O.lOOl 



I < 0.036n 
I 0.06 ± 0.02 I 
I < 0.055 I 
I < 0.036 I 



8.6 ± 3.4 



;.5 ± 2.1 



I D7g*+(2010) I 
I D*-g''+(2010) I 

I I3J'^(2536)D*+(2010) 



I 8.8 ± 1.61 
I 1.6 I 



I 7.42 ± 0.23 ± j~36~|^ 
I 7.50 ± 0.20 ± 0.80 ± 0.80 | ^ 



I < O.iBOH 
I < 0.1901 
I < 0.2001 
I < 0.2T1 
I 6.7 ± 2.0 ± 1.1 I 

I 9.0 ± 1.8 ± 1.4 I 



I 5.70 ± 1.60 ± 0.9(i~| ^'' 
I io.3±i.4±i.a±:^.6 r ° 



I 18.80 : 



I ± 1.60 ± 0.60 1^ 



I 19.7 ± 1.5 ± 3.0 ± 

I 92.00 ± 24.II1J ± 1.00 I 



I < 0.1301 
I < 0.1901 
I < 0.2001 
I < 0.241 
I 6.7 ± 2.3 I 
I 7.67 ± 0.82 I 



I 6.8 ± 1.6l 

I i&.i±i.ii] 

I 92 ± 2T\ 



and B 



D 



+ (.) 



K {230M BB pairs) 



lb -50 



-» DJK^ ; 
if D + K 



b" + 



Observation of Decays B — » D 

A study of the rare decays B° -» **'7r+ and b" 
Observation of BObar - Ds± Lambda pbar decay {449M BB pairs) 
Observation of BObar to Ds+ Lambda pbar {447M BB pairs) 

Improved measurement of B^ — > D^D± and search for SO — > D'^ at Belle 

Improved measurement of BObar - Ds-D+ and search for BObar - Ds+Ds- (449M BB pairs) 

Measurement of ~B^ D^*^ D* Branching Fractions and D* D'^ Polarization with a Partial Reconstruction technique (22. 7M BB pairs) 



B° D* + K~ 



B" D--K^ 



Study of S ^ d(*' + '^X" and B ^ D 



{,)- 



decays and measurement of and ^ (2460) absolute branching fractions (230M BB pairs) ; ' 



B" D*-D* + ) 



Measurement of the B° -* D* D+ and of -> (/>7r+ branching fractions (123M BB pairs) ; s" ^ D* 0* + 



ox 



Table 93: Product branching fractions of neutral B modes producing strange D mesons in units of 10 ^, upper limits are at 90% 



CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00202.html 
Mode 



PDG 2006 



Belle 



BABAR 



CDF Average 



D+D7\n-(f)(1020)\K+K 



D+D-' 



2536) [fr-D*" (2007) 



D+D'\(i)(l020)n 



■*o, 



D*+{2010)D;^{2536)[D (2007)ir 



d:-d+\d: 



1020 TT- 



£'*+(2010)£';i(2536)[D*-(2010)K 



D*+(2OlO)D7[0(lO2O)7r 



D*-(2010)£'+i(2536)[£'*+(2010)ir; 



D*-D*+(2{}l{))[D- 0(lO2O)7r- 



I 1.41 ±0.411 I 1.47 ±0.05 ±0.21 I 



2.90 ±0.80 



I 3.8 ± 1.4 I 



3.90 ±0.50 



I 7.9 ± 1.3 I 



l< 6.0 I 



1.71 ±0.48 ±0.32 



2.61 ± 1.03 ±0.31 



2.67 ±0.61 ±0.47 



3.32 ±0.88 ±0.66 



4.14 ± 1.19 ±0.94 



5.00 ± 1.51 ±0.67 



5.11 ±0.94 ±0.72 



I 12.2 ±2.2 ±2.2 I 



I 1.47±0.22~| 



1.71 ± 0.58 



2.6 ± 1.1 



I 2.67 ±0.771 



3.3 ± 1.1 



I 4.1 ± 1.5 I 



5.0 ± 1.7 



I 5.1 ± 1.2 I 
l< 6.0 I 

I 12.2 ±3.1 ] 



Table 94: Ratios of branching fractions of neutral B modes producing strange D mesons in units of 10*^, upper limits are at 90% 

Average 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00202.html 
Mode 



PDG 2006 Belle BABAR 



CDF 



g(g"~>D;~D+) 



0.90 ±0.20 ±0.10 



0.90 ±0.22 



B{B" ~^D7 D*+ {2m0)) 



B{B ~>D-D+) 



I 1.50 ±0.40 ±0.10 I I 1.50 ±0.41 ] 
I 1.99 ±0.13 ±0.11 ±0.451 I 1.99 ±0.481 



B{B"-*D*-D*+ (2010)) 
B(lf~*D7 D+) 



2.60 ±0.50 ±0.20 



2.60 ±0.54 



Table 95: Branching fractions of neutral B modes producing baryons in units of 10 ^, upper limits are at 90% CL. The latest 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00203.html 
Mode 



J/4'{iS)pp 


A-p 




Atp 




AtK 









£'*°(2007)pp 



D^pp 



D^pjm 



PDG 2006 



Belle 



BABM 



CDF Average 



L)'^+(2010)pp7r- 



I < 0.083 I 



2.20 ±0.80 



I < 12.1 I 



16.0 ±7.0 I 



10.0 ±8.0 



28.0 ±9.0 



65± 16 



I < 0.083 I 



I < 0.190 I 



2.19 ±^:|^ ±0.32 ±0.57 



9 1 n -1-0.67 I 0.67 I 0.77 



I 2.15 ±0.36 ±0.13 ±0.561 



[Z5T] 

I < 12.1 h 
[ZM] = 



12.0 ±y ±2.1 



6.70 ±2.10 ±0.82 ±0.361 ^ 
I 11.00 ±1.00 ±0.90 h -^ 



I 11.8 ± 1.5 ±T:61 I 12.40 ± 1.40 ± 1.16 ±0.301 = 

I 11.30 ±0.60 ±0.80 h= 



16.3 ±1^ ±2.8 ±4.2 



I 12.0 ± 1.0 ±2.0 ±3.0 h 
I 14.0 ±2.0 ±2.0 ±4.0 h 



23.8 ±1^ ±4.1 ±6.2 1 



I 21.0 ±2.0 ±3.0 ±5.0 h ° 



38.00 ±3.50 ±4.50 ±0.95 
I 33.8 ± 1.4 ±2.9 h ° 

I 56.1 ±5.9 ±6.4 ±3.6> '- 
I 48.1 ±2.2 ±4.4 h 



< 0.083 I 



^•-'-='=0.9 



2.17 ±0.53 I 

r^57n 

l< 3.3 I 



I 11.1 ± 1.3 I 



11.39 ±0.91 



14.0 ± 4.9 



33.8 ±3.2 



I 48.1 ±4.9 ] 



AtA-K' 




79 ±|±12±41 




Yg_|_52 




A'^pn^Ti 


1 130 ± 40 1 


110 ±11 ±19 ±29 


1 110 ±37 1 



1 STUDY OF EXCLUSIVE B DECAYS TO CHARMED BARYONS AT BELLE. {31. 7M BB pairs) 

^ Study of the charmed baryonic decays B^ — ' £'^~'~p7r~ and — >■ S^pTT + (386M BB pairs) ; BObar to Sigmac(2455) + + pbar pi 



Measurement of the Branching Fraction for the decays B^ — >■ Z)*~'~pp7r , B^ — • D ' ppir 

3d -^0 TT*0 — 
B —* D pp 

Measurements of the Decays B*^ — ^ "D^PP, -B" "D'^^pp, — > D^ppir + -, and — * D~pp7r+ (232M S"B pairs) ; ^' 



D "pp, B" D^pp {124M BB pairs) ; '''' D + pp7r" 



JJ pp ■ 



D pp 



B D pp 



Table 96: Product branching fractions of neutral B modes producing baryons in units of 10 ^, upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00203.html 





Mode 


PDG 2006 


Belle 


BABAR CDF 


Average 








9.3 ±1^ ±1.9 ± 2.4 







Table 97: Branching fractions of neutral B modes producing J/il){lS) in units of 10 ^, upper limits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00204.html 



Mode 








PDG 2006 


Belle 


babm 

1 Jit 1 Jr^i I, 


CDF 




J/^(l^)7 








1 < 0.016 1 




1 < 0.016 1 




1 < 0.016 1 


J/V'(15)0(1O2O) 


1 ^ u.uyz 1 




1 ^ n nan i 
1 ^ u.uyu 1 




1 ^ n nan i 
1 ^ u.uyu 1 










1 < 0.27 1 


1 0.096 ±0.017 ±0.007 1 


1 < 0.27 1 




0.10 ±0.02 


J/^(15)/2(1270) 










0.10 ±0.04 












1 0.10 ±0.04 ±0.02 h 


1 < 0.046 1 
















1 < 0.049 h 








J/^Ij{IS)D 


J 






1 < 0.130 1 


1 < 0.200 1 


1 < 0.130 1 




1 < 0.130 1 


J/V^(lS)7rO 






1 0.22 ±0.04 1 


1 0.23 ±0.05 ±0.02 1 


1 0.19 ±0.02 ±0.02 1 




0.20 ± 0.02 


J/^(lS)7r^ 


"7r 




1 0.46 ±0.09 1 








0.22 ± 0.04 



J/V;(l^)p°(770) 



J/V'(lg)r/X95^ 



J/i/jilS)r]K 



J/^(lg)0(lO2O)ir 
J/iljilS)uji782)lf 



J/^ljilS)lCp^i770) 
J/tlj{lS)K*\892)7i+7i- 



0.22 ±0.03 ±0.02 
I < 0.1001 ^ 

0.28 ±0.03 ±0.03 h 
0.19 ±0.02 ±0.02 h 



J/ijilS)K*-i892)n 



J/ij{lS)lfTT + TT- 



J/V'(lg)i^(1270) 



J/V;(l^)i^ (892) 



0.16 ±0.07 I 



I < 0.63 I 
0.80 ±0.40 

0.94 ±0.26 



I 5.4 ±3.0 I 

I 6.6 ±2.2 I 

I 8.0 ±4.0 I 
I 8.72 ±0.33 ] I 7.90 ±0.40 ±0.90 ±0.10" 
I 10.0 ±4.0 I 

I 13.0^5.0 I I 13.0 ±3.4 ±2.5 ±1.8 I 



< 0.120 



I 0.27 ±0.03 ±0.02 I 

0.84 ±0.26 ±0.27 ±0.021 
1.02 ±0.38 ±0.10 ±0.021 
I 3.00 ±0.60 ±0.30 I 



8.69 ±0.22 ±0.26 ±0.15 



I 13.30 ± 0.60~| I 12.90 ± 0.50 ± 1.30 ±0.201 | 13.09 ± 0.26 ± 0.74 ± 0.221 



0.23 ±0.02 



I < 0.63 I 
0.84 ±0.38 

1.02 ±0.39 



3.00 ± 0.67 



5.40 ±2.90 ±0.90 I 


1 5.4 ±3.0 1 




16.6 ±1.9 ±1.1 1 


1 6.6 ±2.2 1 


1 7.7 ± 4.1 ± 1.3 1 


1 7.7 ±4.3 1 


1 11.5 ± 2.3 ± 1.7 1 


1 8.63 ±0.35 




1 10.3 ± 3.3 ± 1.5 1 


1 10.3 ±3.6 1 


1 13.0 ±4.6 1 


1 17.4 ± 2.0 ± 1.8 1 


1 13.32 ±0.68 



Study of B° J/il>n+n~ decays with 449 million BB pairs at Belle {449M BB pairs) 
MEASUREMENT OF BRANCHING FRACTIONS IN BO — J/PSI PI+ PI- DECAY. (152M SB pairs) 



Table 98: Ratios of branching fractions of neutral B modes producing J/iIj{1S) in units of 10'', upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00204.html 
Mode 



PDG 2006 



Belle 



BABAR 



CDF 



B{B''^J/i,{lS)K"{127~ 

B(B-^J/M1S)K-) 



Average 



B(B'-'^J/tb(lS)K") 



I 1.30 ±0.34 ±0.28 I 



B{B J /iP{lS)K (892)) 
B(b"^J/4){1S)K°) 



1.39 ±0.49 



1.50 ±0.09 



I 1.30 ±0.44" 
I 1.34 ±0.44" 



I 1.34 ±0.19 ±0.13 ±0.381 

I 1.51 ±0.05 ±0.08 I I 1.39 ±0.36 ±0.10 I I 1.50 ± 0.09 



Table 99: Miscellaneous quantities of neutral B modes producing J /ip{lS) in units of lO'', upper limits are at 90% CL. The latest 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00204.html 



Mode 



|ytoP(g"-^J/V>(lS)J<:*°(89~ 
\A,.\-'(B'->^.JUb(lS^K*^>(m2\\ 



PDG 2006 Belle BABAR CDF Average 



|A)P(g°^.//»/'(lg)^'"(892)) 



7^ 



-T7*0, 



\Ao\'^(B"^J/',p(lS)K "(892)) 



I < 0.26 I 
I < 0.32 I 



I < 0.26 I 
I < 0.32 I 



Table 100: Branching fractions of neutral B modes producing cliarmonium other than J/tpllS) in units of 10 ^, upper limits are 
at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00205.html 



Xco{lP)K 



Mode 








PDG 2006 


Xc2{lP)K 


*o 


(892) 


1 < 0.036 1 






1 < 0.026 1 




(892) 


1 0.32 ±0.06 1 


Xci{lP)K" 






1 0.39 ±0.04 1 


i^{2S)K 








1 0.62 ±0.06 1 




(8 


92) 




1 0.72 ±0.08 1 




^92) 




1 1.60 ±0.70 1 



I < 0.77 I 
0.99 ±0.19 



I < 0.50 I 



Belle 



0.31 ±0.03 ±0.07 
0.35 ±0.03 ±0.05 
I 0.67±0.Tn 

0.72 ± 0.04 ± 0.06 



1.62 ±0.32 ±°J^ ±0.50 



1.23 ±0.23 ±'^q\1 ±0.38 



BABAR 
I < 0.036 I 
I < 0.041 I 



CDF 



0.33 ±0.04 ±0.05 ±0.03 
0.45 ±0.04 ±0.02 ±0.05" 
0.65 ±0.06 ±0.04 ±0.02 



I 0.61 ±0.08 ±0.11 I' 
0.80±°:^^±0.13±°i^ 3. 



r^om 

1.14 ±0.15 ±0.12 ±0.321^ 



0.64 ±[i:i ±OM±r,l 



I < 1.24 I 



Average 
I < 0.036 I 
I < 0.041 I 
0.32 ± 0.05 



0.40 ± 0.04 



0.65 ±0.07 



0.65 ±0.06 ±0.09 ±0.021 | 0.90 ± 0.22 ± 0.09 I I 0.71 ± 0.06 



0.67 ± 0.13 



I < 0.77 I 
0.87 ± 0.19 



I < 1.24 I 



A study of B-meson decays to r/^.K'*' and rjf.'jK^*^ {384M BB pairs) ; bctackstarO 
Branching Fraction Measurements of B — * rj^K Decays (86. IM BB pairs) 

Evidence for the B^ — * ppK*^ and — rjcK*'''' decays and Study of the Decay Dynamics of B Meson Decays into pph Final States. (232M BB pairs) ; betackzero 



betackstarzppbar 



Table 101: Product branching fractions of neutral B modes producing charmonium other than J /ip{lS) in units of 10 ^, upper 



limits are at 90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00205.html 

Mode PDG 2006 Belle BABAR CDF Average 



Z°7/;(3770) 






1 < 1.23 1 1 < 1.23 1 


l^i){mQ)\D+D-] 


1 < 1.88 1 1 < 1.88 1 


K*\m2)h,{lP)[r^,{lS)^] 


l< 2.4 1 l< 2.4 1 



Table 102: Ratios of branching fractions of neutral B modes producing charmonium other than J/iIj{1S) in units of 10°, upper 



limits are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00205.html 
Mode 



or 



PDG 2006 



Belle 



BABAR 



B(B"^hc{lP)K*''{892))xB(hc(lP)^r]c{lS)'r) 
B(B'^vJlS)K-) 



CDF Average 



B{W^hc{lP)K "(892))xg(fec(lP)^>?c(1.5')7) 
B(B°^ri.(lS)K''"{892)) 



B(B"^ric{lS)K "(892)) 
B(B-^r,.(lS)K-) 



B{B"^Xci{lP)K "(892)) 
BfB"^v.iriP}Z.") 



B{B"^TicilS)K") 
B(B--.r,.(lS)K-) 



B(W'^jP{2S)K (892)) 
B(B°^^I,(2S)k'^) 



0.72 ±0.16 



1.00 ±0.17 



I < 0.261 

I < 0.391 
I 0.67 ±0.09 ±0.07 I 
I 0.72 ±0.11 ±0.12 I 

I 0.87 ±0.13 ±0.07 I 
I 1.00 ±0.14 ±0.09 I 



< 0.26 



I < 0.39 I 



0.67 ±0.11 



0.72 ±0.16 
0.87 ±0.15 
1.00 ±0.17 



Table 103: Branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10 , upper limits are 



90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00206.html 
Mode 



PDG 2006 



Belle 



BABAR 



CDF Average 



D*°(2007)£' (2007) 



D+P- 



D^D (2007) 



D*~{2QIQ)D- 



£'*+(2010)£'*-(2010) 



L'*+(2010)D 



D+P-K 



D+D^K- 



D*+i2010)1TK 



D^D (2007)i^ 



£'*+(2010)£'*~(2010)ir^^ 



D+D {2mi)K- 



D*+{2010)D-K 



Z^*°(2007)"d^ 



D 



(2007)^. 



(2010)D*+(2010)/i: 
£'*+(2010)D*''(2007)ii: 



r^2n 



0.19 ±0.06 



I < 0.63 I 
0.83 ±0.11 



I < 0.63 I 
I < 1.40 I 
I < 1.70 I 
1.70 ±0.40 
3.10 ±0.60 
r^3Tl 



I 4.60 ± 1.00" 
I 6.5 ± 1.6 I 



I < 6.6 I 
I 8.8 ± 1.9 I 
I 11.8 ±2.0 I 



I < 0.042 I 



0.17±0.07±°:°^ 



0.20 ±0.02 ±0.02 h 
0.32 ±0.06 ±0.05 h 



1.17 ±0.26 ±°|° ±0.0^ 



I < 0.060 I 
I < 0.090 I 



0.28 ±0.04 ±0.03 ±0.04 



1^0:291 
0.57 ±0.07 ±0.06 ±0.04 



I 0.81 ±0.08 ±0.11 I I 0.81 ±0.06 ±0.09 ±0.051 = 

I 0.83 ±0.16 ±0.12 U 



0.88 ±0.10 ±0.11 ±0.061 
I 1.70 ±0.30 ±0.30 I 



3.10±°:^° ±0.40 



3.40 ± 0.40 ± 0.70 I 



I 4.40 ± 0.40 ± 0.70 ± O.OT" 
I 4.60 ±0.70 ±0.70 I 
I 6.50 ± 1.20 ± 1.00 I 
1^6:61 



8.8±}i±1.3 



I 11.80 ± 1.00 ± 1.70 I 



I < 0.042 I 
I < 0.090 I 
0.17 ±0.08 



0.22 ± 0.02 



I < 0.29 I 
0.62 ±0.09 
0.81 ±0.08 



0.88 ±0.16 
I < 1.40 I 
I < 1.70 I 

1.70 ±0.42 



'^•-'-'-'='=0.50 



3.90 ± 0.57 



4.60 ±0.99 
I 6.5 ± 1.6 I 
l< 6.6 I 



I 11.8 ±2.0 



Evidence for CP Violation in BO - D + D- Decays (535M BB pairs) 

Observation of S" D + , B^ -» D" and B^ D° D'^ decays {152M SB pairs) 

Measurement of Brandling Fraction and CP-violating charge asymmetried for B meson decays to D^*^ D^*^ and implications for the CKM ang Ic 7 (232M BB pairs) ; D*~^ D 

Measurement of the branching fraction and CP content for the decay B° to D* D* (23M BB pairs) ; B° D*^ D' + 



Table 104: Product branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10 ^, upper limits 



are at 90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00206.html 



Mode 



PDG 2006 



Belle 



BABAR 



CDF Average 



K-D;'^{2A60)\D^tt 



7r-D"f^(2460)[£'*+(2010)7r-7r- 



7r-D+(2420)[D*+(2010)7r-7r- 



n-D+{H){D*^{2007)n^ 



7r~£'^(2420)[D+7r'7r 



7r-D;+(2460)[L'*°(2007)7r 



7r-D;+(2460)[D°7r 



7r-D+(2420)[L'*°(2007)7r+] 
cj(782)D?(iJ)[D*+(2010)7r- 



0.18 ±0.05 
I < 0.24 I 
I < 0.33 I 

0.89 ±0.29 



I < 0.24 I 
I < 0.33 I 
I < 0.70 I 



0.89 ± 0.15 ±0.17±i]:^^ 



I < 1.20 I 



2.45 ± 0.42 ±[i:i ±°:f^ 



3.08 ± 0.33 ± 0.09±°:J^ 



3.68 ± 0.60 ±r,h ±'ofo 



0.18 ±0.04 ±0.03 



I 4.10 ± 1.20 ± 1.00 ±0.401 



0.18 ±0.05 
I < 0.24 I 
I < 0.33 I 
I < 0.70 I 



o-89±°:i 



I < 1.20 I 



2 4e;+0.67 



3.08±;]il 



3.68±o;y| 



4.1 ± 1.6 



CO 



Table 105: Ratios of branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10*^, upper limits 



are at 90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00206.html 



Mode 



PDG 2006 



Belle 



CDF 



Average 



B{B 



>D+K- 



B(B"->D+7T-) 



B(B"-^D*+(2010)K-) 
B(B°^D*+(2010)tt-) 



B{B -^D""tt-) 
B(B°^D+7r-) 



g(B"->D*+(2010)7r-) 
BlB^'^D+n-) 



g(B"^DV"(770)) 
B(B° ^D0uj(782)) 



B{B"-,D+ti~u^) 
B(B"^D+Tr-) 



B{B -*D*+ {2010) ^l-u^) 
B(B"^D*+(2010)7r-)~ 



0.07 ±0.02 I I 0.068 ±0.015 ±0.007 I 



0.07 ±0.02 I I 0.074 ±0.015 ±0.006 I I 0.078 ± 0.003 ± 0.003 



1.60 ±0.80 



I 0.77 ±0.22 ±0.29 I 
I 0.99 ±0.11 ±0.08 I 



I 9.80 ± 1.00 ±0.60 ± 1.2'01 
I 17.70 ± 2.30 ± 0.60 ± 1.201 



I 0.07 ±0.02 I 
0.077 ±0.004 



0.77 ± 0.36 



0.99 ± 0.14 



I 1.60 ±0.80 I 
I 9.8 ± 1.7 I 
I 17.7 ±2.7 I 



Table 106: Branching fractions of neutral B modes producing a single D* or D** meson in units of 10 ^, upper limits are at 90% 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00207.html 
Mode 



PDG 2006 



Belle 



BABAR 



CDF Average 



D*^{2m)K 



D*°(2007)ir*°(892) 



D*^(2m7)K (892) 



£'*°(2007)r/X958) 



£'*°(2007)7r° 



D*°(2007)r7 



/2(1270)£'*°(2007) 



D*+(2010)ir- 



£'*°(2007)cj(782) 
D*+(2010)K'V~ 



£'*+(2010)A'*~(892) 



£'*°(2007)p°(770) 



_D^+(2010)fr2^° 
D*'J(2007)7r+7r- 



L)*+(2010)Js:-ir*°(892) 


^**u^- 1 






D*°(2007)7r-7r 






L)*+(2010)7r- 







I < 0.66 I 



I < 0.40 I 
I < 0.69 I 
1.23^0.35 
2.70 ±0.50 
2.60 ±0.60 



I < 0.661 

I < 0.401 

I < 0.691 
I 1.21 ±0.34 ±0.22 I 
I 1.39 ±0.18 ±0.26 I 
I 1.40 ±0.28 ±0.26 I 



1.86 ± 0.65 ± 0.60±°;^j] 



I 2.14 ±0.201 I 2.04 ±0.41 ±0.17 ±0.161 
I 4.2 ± 1.1 1 



2.29 ±0.39 ±0.40 



3.00 ±0.80 
3.30 ±0.60 
r^5T1 



3.73 ± 0.87 ±0.46±°;^^ 



I 6.2 ± 2.2 I 



I 12.9 ±3.3 I 

I 27.0 ±5.0 I 
I 27.6 ±2.1 I 



I < 5.1> 

I 6.2 ± 1.2 ±L8l 3 
10.90 ± 0.80 ± 1.60 I 
I 12.9 ±2.2 ±2.5 I 

I 26.0 ±4.7 ±3.7 I 

I 23.00 ± 0.60 ± 1.90 



I 0.45 ±0.19 ±0.05 h 
I 0.36 ±0.12 ±0.03 h 



1^2:61 

I 2.90 ±0.40 ±0.46 ±0.191 
I 2.60 ±0.40 ±0.37 ±0.161 



I 4.20 ±0.70 ±0.86 ±0.271 
I 3.00 ±0.70 ±0.22 ±0.201 
I 3.20 ±0.60 ±0.27 ±0.121 



I 23.4 ±6.5 ±8X1 



27.90 ± 0.80 ± 1.70 ±0.0r 
I 29.9 ±2.3 ±2.4 h 



0.36 ±0.12 



I < 0.40 I 
I < 0.69 I 
I 1.21 ±0.401 
1.69 ± 0.28 



1.77 ± 0.32 



1 9±i-2 



I 2.04 ±0.471 
2.66 ± 0.50 



3.00 ±0.76 I 
3.20 ±0.67 I 
3.73 ±0.99 I 



I 9.0^1.4 I 



I 12.9 ±3.3 



23 ± 11 



26.0 ±6.0 



26.2 ± 1.3 



L)*+(2010)cj(782)7r- 








1 28.8 ±2.1 ±2.8 ± 1.4 I 


1 28.8 ±3.8 1 


D*+(2010)7r~7r+7r~7r^ 






1 47.2 ±5.9 ±7.1 1 




1 47.2 ±9.2 1 


D*+(2010)7r'7r+7r- 






1 76 ± 18 1 


1 68.1 ±2.3 ±7.2 1 




1 68.1 ±7.6 1 



1 A study of the _D<*'°K<*'° decays (226M SB pairs) ; 13° ^ D*°'k'-' 

^ A study of the Z3(*)0/f (*)» decays (124M SB pairs) ; B -» D'°l<^ 

^ Study of SO' ^ Dt'l^TT+TT" Decays (31. 3M SB pairs) 

* Study of Dt'l^TT+TT^ decays ; Dalitz fit analysis (152M SB pairs) 

^ iVIeasurement of the Absolute Branching Fractions B — • D^*'**^7r with a Missing Mass method (231M BB pairs) ; b'^ — v D*"^ 7T~ 

^ Branching fraction measurements and isospin analyses for B — > D^*^ 7r~ decays (65M BB pairs) ; B° — > Z)*^7r~ 



Table 107: Branching fractions of neutral B modes producing a single D meson in units of 10 ^, upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00208.html 



Mode 




PDG 2006 


Belle 


BABAR 


CDF Average 


dV*°(892) 


1 < 180 1 






1 < 0.110 1 








1 < 0.180 1 


1 < 0.41 h= 
1 < 0.110 h= 








1 < 0.190 1 




1 < 0.190 1 


1 < 0.190 1 


D^K*\892) 


1 0.53 ±0.08 1 






1 0.42 ±0.06 



D^K 



D"i^-7r+ I 



£'V(958 



D+K- I 



£'"cj(782) 



TT 



DV(770) 



D+K-K"^ I 



D+K*-{892) 



TT 



0.50 ±0.14 



0.88 ±0.17 
1.25 ±0.23 1 



-0.10 



0.50 ±°:i^ ±0.06 



1.14±0.20± 



0.10 



0.62 ±0.14 ±0.06 
0.40 ±0.07 ±0.03 



0.62 ±0.12 ±0.04 h ° 
0.53 ±0.07 ±0.03 h ° 
I 0.88 ±0.15 ±0.09 I 
I 1.70 ± 0.40 ± 0.18 ±0.10~| 



2.00 ±0.60 
2.50 ±0.60 
2.91 ±0.28 
I 2.9 ± 1.1 I 



2.04 ±0.45 ±0.21 ±0.27] 
I 2.37 ±0.23 ±0.28 I 
I 2.25 ±0.14 ±0.35 I 

I 2.90 ±1.00 ±0.40 h 



I 3.00 ±0.30 ±0.38 ±0.131 
I 2.90 ±0.20 ±0.27 ±0.131 



D+K-K*^{m2) 



D^n+n- I 



TT 



14.50^0.70 I 
I 4.90 ± 0.901 
I 8.8 ± 1.9 I 
I 8.0 ± 1.6 I 



34.0 ±9.0 



2.91 ± 0.28 ±0.33±°:°^ 



I 8.8±1.1±T51 



I 8.00 ± 0.60 ± 1.50 I 
10.70 ± 0.60 ± 1.00 



4.60 ±0.60 ±0.47 ±0.161 
4.90 ±0.70 ±0.38 ±0.32 I 



25.50 ± 0.50 ± 1.60 ±0.10 
I 30.3 ±2.3 ±2.3 h 



0.52 ±0.07 I 



0.88 ±0.17 
I 1.26 ±0.21"! 



/2(1270)Z}'^ 


1.95 ± 0.34 ±0.38±[J:;^^ 




1 qc;-uo.fcio 
i.yjii=o.5i 






1 2.20 ±0.50 1 


1 1.77±0.16±0.21 1 


1 2.50 ±0.20 ±0.29 ±0.11 I 


2.02 ± 0.21 



I 2.04 ±0.571 
2.59 ± 0.29 



2.59 ± 0.26 



2 qi±0-58 

Z.b)lll=o 4Q 



I 4.60 ± 0.78" 
I 4.90 ± 0.86" 
I 8.8 ± 1.9 I 
I 9.78 ±0.95 



26.5 ±1.5 



A study of the S»^D<')Ok<*)0 decays (226M SB pairs) B° ^ d"k° b" ^ d"!?'" ; B° ^ D^K*" 

A study of the d'^'Ok'*)" decays (124M SB pairs) B ^ D^T?" ; 'B° ~t D° K*" ; ^ D^if *° 

Study of SO" D^*^°TT + Tr^ Decays (31. 3M SB pairs) 

Study of s" — > D^'^°n + -!T~ decays ; Dalitz fit analysis (152M SS pairs) 

Measurement of the Absolute Branching Fractions S — ' D^*'**^7r with a Missing Mass method (231M SS pairs) ; B^ — ^ D'^ Tr~ 
Branching fraction measurements and isospin analyses for S — > D^*^ tt~ decays (65M SS pairs) ; B^ — * D'^ n~ 



Table 108: Product branching fractions of neutral B modes producing a single D meson in units of 10 ^, upper limits are at 90% 



02 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00208.html 

Mode 



PDG 2006 Belle 



BABAR 



CDF Average 



Table 109: Branching fractions of miscellaneous modes producing charmed particles in units of 10 ^, upper limits are at 90% CL. 
The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00300.html 



Mode 



PDG 2006 



Belle 



BABAR 



CDF 



Average 



B(B D^D n'^K) 



b{a: ^ jmis)A) 



J/^(lg)0(lO2O)) 



0.13±0.03±[]:[j^ 



0.13 ± 0.04 



0.47 ±0.28 



0.93 ±0.33 



I 0.47 ±0.21 ±0.19 I I 0.47 ±0.28" 



0.63 ±0.14 ±0.08 ±0.06 



0.63 ±0.17 



0.93 ±0.28 ±0.17 I I 0.93 ±0.33 



or 



Table 110: Product branching fractions of miscellaneous modes producing charmed particles in units of 10 ^, upper limits are at 



90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00300.html 
Mode 



PDG 2006 



Belle 



BABAR CDF Average 



B{B KY{3940)[uj{782)J/'^{lS)]) I 7.1 ±3.4 I I 7.1 ± 1.3±3T1 



I 7.1 ±3.4 I 



Table 111: Ratios of branching fractions of miscellaneous modes producing charmed particles in units of 10°, upper limits are at 

Average 



90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00300.html 
Mode 



PDG 2006 Belle BABAR 



CDF 



b{b"^d+k-~ 



I 0.107 ±0.019 ±0.008 I I 0.11 ± 0.02 



g05:^V.(25)</>(1020)) 

B(B°^J/ib(lSU(l020) ) 
^ — 



g(Bg^D+7r+7r-7r~) 



B{B',-^DrTT-) 
B(B°^D+n-) 



B(b"^D7D+) 



I 0.52 ±0.13 ±0.07 I 



1.05 ±0.10 ±0.22 



0.52 ±0.15 



1.05 ±0.24 



B{A'i^A-n+) 
B(^^D+n-) 



1 1.13 ±0.08 ±0.05 ±0.15 1 


1 1.13 ±0.18 1 




1 1.67 ±0.41 ±0.12 ±0.46 I 


1 1.67 ±0.63 1 




1 3.30 ± 0.30 ± 0.40 ± 1.10 1 


1 3.3 ± 1.2 1 



B{X^A-7T+) 



20.00 ± 3.00 ±1.20±r" 



-2.20 



Table 112: Miscellaneous quantities of miscellaneous modes producing charmed particles in units of 10", upper limits are at 90% 



or 
00 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00300.html 
Mode 



PDG 2006 



Belle 



6\\{B - 






-^i){2S)K*) 





6\\{B -^ Xci{lP)K' 



\A\\\B- 


. J/^{IS)K*) 


A\ 




^ i)[2S)K*) 






'\b - 


ij(2S)K*) 




\Ao 


\B - 


^ ij{2S)K*) 




\Ao 


'\B - 


^ J/H1S)K*) 


\Ao 


\B - 




) 



6±{B ^(2S)K*) 



S±{B Jli){lS)K*) 



-2.887 ±0.090 ±0.008 



0.195 ±0.012 ±0.008 
0.231 ± 0.012 ± 0.008 



0.574 ±0.012 ±0.009 



2.938 ±0.064 ±0.010 



BABAR CDF Average 


1 -2.93 ±0.08 ±0.04 | 


-2.91 ± 0.06 


1 -2.80 ±0.40 ±0.10 1 


-2.80 ± 0.41 


1 0.00 ±0.30 ±0.10 1 


0.00 ± 0.32 


1 0.03 ±0.04 ±0.02 1 


0.03 ± 0.04 


1 0.20 ±0.07 ±0.04 1 


0.20 ± 0.08 


1 0.233 ±0.010 ±0.005 I 


0.219 ± 0.009 


1 0.211 ±0.010 ±0.006 1 


0.219 ± 0.009 


1 0.22 ±0.06 ±0.02 1 


0.22 ± 0.06 


1 0.30 ±0.06 ±0.02 1 


0.30 ± 0.06 


1 0.48 ± 0.05 ± 0.02 1 


0.48 ± 0.05 


1 0.556 ±0.009 ±0.010 I 


0.56 ± 0.01 


1 0.77 ±0.07 ±0.04 1 


0.77 ± 0.08 


1 2.80 ±0.30 ±0.10 1 


2.80 ± 0.32 


1 2.91 ±0.05 ±0.03 1 


2.92 ± 0.04 



7 B decays to charmless final states 



The aim of this section is to provide the branching fractions and the partial rate asymmetries 
(Acp) of charmless B decays. The asymmetry is defined as Acp = js/t^j^^ , where Nj^ and 

Nb are respectively number of /B~ and B^/B^ decaying into a specific final state. Four 
different B decay categories are considered: charmless mesonic, baryonic, radiative and lep- 
tonic. Measurements supported with written documents are accepted in the averages; written 
documents could be journal papers, conference contributed papers, preprints or conference pro- 
ceedings. Results from Acp measurements obtained from time dependent analyses are listed 
and described in Sec. ID Measurements of charmful baryonic B decays, which were included in 
our previous averages [4], are now shown in Section 7, which deals with B decays to charm. 

So far all branching fractions assume equal production of charged and neutral B pairs. 
The best measurements to date show that this is still a good approximation (see Sec. [3]). For 
branching fractions, we provide either averages or the most stringent 90% confidence level 
upper limits. If one or more experiments have measurements with >4(T for a decay channel, 
all available central values for that channel are used in the averaging. We also give central 
values and errors for cases where the significance of the average value is at least 3a, even if no 
single measurement is above Aa. Since a few decay modes are sensitive to the contribution of 
new physics and the current experimental upper limits are not far from the Standard Model 
expectation, we provide the combined upper limits or averages in these cases. Their upper 
limits can be estimated assuming that the errors are Gaussian. For Acp we provide averages 
in all cases. 

Our averaging is performed by maximizing the likelihood, C = JJ^ 7^4(3;), where Vi is the 

i 

probability density function (PDF) of the ith measurement, and x is the branching fraction 
or Acp- The PDF is modeled by an asymmetric Gaussian function with the measured central 
value as its mean and the quadratic sum of the statistical and systematic errors as the standard 
deviations. The experimental uncertainties are considered to be uncorrelated with each other 
when the averaging is performed. No error scaling is applied when the fit is greater than 1 
since we believe that tends to overestimate the errors except in cases of extreme disagreement 
(we have no such cases). One exception to consider the correlated systematic errors is the 
inclusive B — > X^'-f mode, which is sensitive to physics beyond the Standard Model. In this 
update, we have included new measurements from both Belle and BaBar to perform the average. 
The detail is described in Sec. 17.31 

At present, we have measurements of more than 350 decay modes, reported in more than 
200 papers. Because the number of references is so large, we do not include them with the tables 
shown here but the full set of references is available quickly from active gifs at the "Winter 2008" 
link on the rare web page: http://www.slac.stanford.edu/xorg/hfag/rare/index.html. 
Finally many new measurements on the scalar-tensor and vector-tensor decays and direct CP 
asymmetry on B^ K^n^ are included for the first time. 

7.1 Mesonic charmless decays 



159 



Table 113: Branching fractions (BF) of charmless mesonic decays with kaons (in units of 
xlO^)). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


PUCjzOUd Avg. 


BABAH 


Belle 


CLEO 


CDF 


New avg. 


182 


K°TT + 


24.1 ± 1.7 


23.9 ±1.1 ±1.0 


22.8tj;;^ ± 1.3 


1 fi 0+3.7+2. 1 
l».»-3.3-1.8 




23.1 ± 1.0 


183 




12.1 ± 0.8 


13.6 ±0.6 ±0.7 


12.4 ±0.5 ±0.6 


ir, Q + 2.4+1.2 

J^^.y-2. 2-1.1 




12.9 ±0.6 


184 


ri'K+ 


70.5 ± 3.5 


70.0 ±1.5 ±2.8 


69.2 ±2.2 ±3.7 


80+ J° ± 7 




70.2 ± 2.5 


185 


ri'K*+ 


< 14 


4.9li;^ ±0.8 


< 2.9 


11 1 + 12-7 
^^■^-8.0 




4 Q+2.1 


186 


r)K+ 


2.6 ±0.6 


3.7 ±0.4 ±0.1 


1.9 ± 0.3t° i 


O r) + 2.8 

■^•^-2.2 




2.7 ±0.3 


187 


■qK*+ 


26 ±4 


18.9 ±1.8 ±1.3 


19.3j:i;g ± 1-5 


26. 4l^;^ ± 3.3 




19.3 ± 1.6 


- 




New 


15.8 ±2.2 ±2.2 








15.8 ±3.1 


- 




New 


9.1 ± 2.7± 1.4 




3.2i2;9 ± 0.8 




9.1 ± 3.0 


188 


ujK+ 


5.1 ±0.7 


6.3 ±0.5 ±0.3 


8.1 ±0.6 ±0.6 




6.7 ±0.5 


189 


u)K*+ 


< 7.4 


< 3.4 




< 87 




< 3.4 


190 


ai'{980)ii'° t 


< 3.9 


< 3.9 








< 3.9 


191 


aj|(980)Js:+ t 


< 2.5 


< 2.5 


9.7 ± 0.6^0.9 


7.Qtll ± 1.6 




< 2.5 


192 




11.6± 1.9 


10.8±0.6tl;3 




10.0 ±0.8 


193 




6.9 ±2.4 


6.9 ±2.0 ±1.3 




T.ltW^ ± 1.0 




6.9 ±2.3 


194 


K + TX + TT~ 


56 ±9 


54.4 ± 1.1 ±4.6 


48.8 ± 1.1 ± 3.6 




51.0 ±3.0 


195 


K+TT+-K-(NR) 


o 1+1.0 
o•^ Q g 


9.3± l.Ol^l 


16.9± 1.3li;g 


< 28 




16.3 ±2.0 


196 


fn(^&0)K+ t 


8.9 ± 1.0 


10.3 ± O.S+j'g 


8.8 ± 0.8"'"5'8 






9.5 ± 0.9 






< z.o 


n Qfi + n oii+0.26 
U.oo It U.ZD_Q 21 


1 + n on±'^--^'^ 
1.00 It U.oU_Q 34 






l-UO-0.29 


198 


fn('1370~)/<'+ t 


< 10.7 


< 10.7 








< 10.7 


199 


fj \l-'-t'J\J I ±i. 


< 11.7 


< 11.7 








< 11.7 


200 


f(.(A cson^ t 


< 4.4 


f) 7.3 + n 21 + n 47 








n 7.3 + n ^2 


201 




< 3.4 


< 3.4 


< 4.9 






< 3.4 


202 




^•'-'-0.8 


'3 r:f? 1 n ^r:+0.57 
o.ou m ^■^'-'—0.46 


■3 so + n /7+0.43 


o 4+4.0 I , o 




3 81+° ** 
■^■^^-0.46 


onQ 
zUo 




QC J- K 
OO ± 


QQ n _L 1 0+10.8 
oz.U lb 


^^ a J- ^ '7+7.0 
01. D ± 1. 1 _j 4 






AK 9+6.2 


204 


(1430)7r^ 


< 6.9 


5.6 ±1.2^0.8 


< 6.9 






K c+2.2 


205 


K (1410)7r^ 


< 45 




< 45 






< 45 


206 


iir*''(1680)7r+ 


< 12 


< 15 


< 12 






< 12 


207 




< 1.8 


< 1.8 


< 4.5 






< 1.8 


210 




< 66 






< 66 




< 66 


211 




< 48 


8.O+J 3 ± 0.6 




< 48 




8o+;-5 




X' + TT + TT" 


New 


7c; Q + n + Q 1 
( .0 zn. u. u zn. o . x 








4- 1 n 1 


213 




11 ± 4 


< 6.1 




< 74 




< 6.1 




K*+fo{9?,0) t 


New 


5.2 ±1.2 ±0.5 








5.2 ± 1.3 





a+K° 
hlK+ 


New 


34.9 ±5.0 ±4.4 








34.9 ±6.7 





New 


9.1 ± 1.7± 1.0 








9.1 ±2.0 


214 


K*Op+ 


8.9 ±2.1 


9.6±1.7±1.5 


8.9 ± 1.7 ± 1.2 






9.2 ± 1.5 


215 


K*+K*o 


< 71 






< 71 




< 71 


218 


K+RO 


1.20 ± 0.32 


1.61 ± 0.44 ± 0.09 


1 22+0.33+0.13 
—0.28 — 0.16 


< 3.3 




1.36+0?? 

— 0.27 


219 


K ^ J\ 'TV 


< 24 






< 24 




< 24 


220 


K+KsKs 


11.5 ± 1.3 


10.7 ± 1.2 ± 1.0 


13.4 ± 1.9 ± 1.5 






11.5 ± 1.3 


221 




< 3.2 




< 3.2 






< 3.2 


222 


K+K-'K+ 


< 6.3 


5.0 ±0.5 ±0.5 


< 13 






5.0 ±0.7 


224 


K+K+'K- 


< 1.3 


< 1.3 


< 2.4 






< 1.3 


226 




< 5.3 


< 1.1 




< 5.3 




< 1.1 






New 










^99 


zzo 


jt^— rt^+ 
i\ j\ i\ ' 


Qfl 1 + 1 o 

ou.i ± i.y 


00.0 ± u.y ± i.D 


Qfl ^1 + 1 9 + 9 
OU.D It l.Z It Z.o 






"39 c; + 1 c; 
OZ.O It 1.0 


229 




9.0 ± 0.8 


8.4 ± 0.7 ± 0.7 


9.60 ± 0.921^ 84 


4-9 1 

5.5_i g ± 0.6 


7.6 ± 1.3 ± 0.6 


8.30 ± 0.65 


231 




< 1.1 




< 1.1 






< 1.1 


233 


0(168OjK ^ J 


< 0.8 




< 0.8 






< 0.8 


235 


K*+K+K- 


< 1600 


36.2 ± 3.3 ± 3.6 








36.2 ± 4.9 


236 


(i>K*+ 


9.6 ±3.0 


11.2 ±1.0 ±0.9 


f. 7+2.1+0.7 
' -1.9-1.0 


10 6+'^"+i ** 




10.0 ± 1.1 




»7(1405)K+t 


New 


< 1.2 








< 1.2 




?7(1475)K+t 


New 


io 0+1.8+1.0 

-LO.O_j y_g g 








13.8l?;l 




<p{l&?,Q)K+\ 


New 


< 3.4 








< 3.4 




fi{1285)K+ 


New 


< 2.0 








< 2.0 




»7(1295)A'+t 


New 


< 4.0 








< 4.0 




/i(1420)i^+t 


New 


< 2.9 








< 2.9 




K* + TT+K- 


New 


< 11.8 








< 11.8 




K*+K+iT- 


New 


< 6.1 








< 6.1 


239 


UK+ § 


2 6+1-1 
^•"-0.9 


7.5 ±1.0 ±0.7 


3.2l[5 j ± 0.3 






4.2 ± 0.6 




r)'r)'K+ 


New 


<25 






< 25 



fProduct BF - daughter BF taken to be 100%; §M<^^ < 2.85 GeV/c^ 



Table 114: Branching Fractions (BF) of charmless mesonic decays without kaons (in units 
of 10~^). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
result since PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


CLEO 


CDF New avg. 


254 




5.5 ±0.6 


5.02 ±0.46 ±0.29 




+1.8+0.6 
^•"-1.6-0.7 


5 50+0.41 

o-oy_o.4o 


255 


7r~'"7r~7r"^ 


16.2 ±1.2 ±0.9 


16.2 ±1.2 ±0.9 






16.2 ± 1.5 


256 




8.7 ± 1.1 


8.8± l.olg-^ 


8.ot2.o ± O-^ 


10.4^3.4 ± 2.1 


8.711? 


257 


/o (980)71+ t 


< 3.0 


< 3.0 






< 3.0 


258 


/2(1270)7r+ 


8.2 ± 2.1 ± 1.4 


8.2 ±2.1 ±1.4 






8.2 ±2.5 


259 


p''(1450)7r+ 


< 2.3 


< 2.3 






< 2.3 


260 


/o(1370)7r+ 


< 3.0 


< 3.0 






< 3.0 


261 


/o(600)7r+ 


< 4.1 


< 4.1 






< 4.1 


262 


TT + n-TT+{NR) 


< 4.6 


< 4.6 






< 4.6 


264 


P+ttO 


12.0 ± 1.9 


10.2 ±1.4 ±0.9 


13.2 ± 2.3^^ 9 


< 43 


10.911* 


266 


p+p° 


26 ±6 


16.8 ±2.2 ±2.3 


31.7±7.ltg7 




18.2 ±3.0 




/o(980)p+ t 


New 


< 1.9 






< 1.9 


267 




< 1700 


26.4 ±5.4 ±4.1 






26.4 ± 6.8 


268 


a07r+ 


< 900 


20.4 ±4.7 ±3.4 






20.4 ±5.8 




b'ln+ 


New 


6.7± 1.7± 1.0 






6.7 ±2.0 


269 




5.9 ± 1.0 


6.7 ±0.5 ±0.4 


6.9 ±0.6 ±0.5 


11.3t|J ± 1.4 


6.9 ±0.5 


270 




12.6±3.7li;g 


10.6±2.llig 




< 61 




271 




4.9 ±0.5 


5.0 ±0.5 ±0.3 


4.2 ±0.4 ±0.2 


1 9+2.8 
-'-■^-1.2 


4.4 ±0.4 


272 


rj'iT^ 


4.0 ±0.9 


3.9 ±0.7 ±0.3 


l-8lo.6±0-l 


1 0+^^-** 

^■^-1.0 


r, 7+0.6 

^•'-0.5 


273 


V'P+ 


< 22 


o 7+3.1+2.3 
°- ' -2.8-1.3 


< 5.8 




q 1+3.7 
^•J^-2.8 


274 


rip+ 


8.4 ±1.9 ±1.1 


8.4 ±1.9 ±1.1 


4.ltl;3 ±0.4 




5.4 ±1.2 


275 




< 0.41 


< 0.24 




< 5 


< 0.24 


276 


4>p+ 


< 16 






< 16 


< 16 


277 


ag(980)7r+ f 


< 5.8 


< 5.8 






< 5.8 




aj(980)7r<' f 


New 


< 1. 1 






< 1.4 



fProduct BF - daughter BF taken to be 100%; 
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Table 115: Branching fractions of charmless mesonic decays with kaons (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new pubhshed (preliminary) result since 
PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


CLEO 


CDF 


New avg. 


168 


K + TT- 


18.2 ± 0.8 


19.1 ±0.6 ±0.6 


19.9 ±0.4 ±0.8 


i».U_2 i_o.9 




19.4 ±0.6 


169 




11.5 ± 1.0 


10.3 ±0.7 ±0.6 


9.2±0.7+S-S 

— U. 1 


-19 O+4.0+1.7 

— O.O — 1.4 




9.9 ±0.6 


170 


ri'K° 


68 ± 4 


66.6 ± 2.6 ± 2.8 


58.9^35 ± 4.3 


89+;fi ± 9 

— Id 




64.9 ± 3.1 


171 




< 7.6 


3.8 ±1.1 ±0.5 


< 2.6 






3.8 ± 1.2 


172 


riK*° 


17.7 ±2.3 


16.5 ± 1.1 ± 0.8 


15.2 ±1.2 ±1.0 


13.8l4 6 ± 1-6 




15.9 ±1.0 


_ 


r]K^° (liSO) 


New 


9.6 ± 1.4 ± 1.3 






9.6 ± 1.9 





riKf (1430) 


New 


9.6± 1.8± 1.1 








9.6 ±2.1 


173 


r)K'> 


< 2.0 


< 2.9 


< 1.9 


< 9.3 




< 1.9 


174 




5 5+1-2 


5.4 ±0.8 ±0.3 


4.4j;!5;? ± 0.4 


I0.0t4;2 ± l-'l 




5.0 ±0.6 


175 


a'^(980)K° t 


< 7.8 


< 7.8 








< 7.8 


176 


ag{980)K+ t 


< 2.1 


< 1.9 








< 1.9 


_ 


(1450)^'+ t 


New 


< 3.1 








< 3.1 


178 




< 6.0 


< 4.2 


< 2.7 


< 23 




< 2.7 


179 


K+K- 


< 0.37 


0.04 ±0.15 ±0.08 


o.09lo;;3 ±0.01 


< 0.8 


0.39 ±0.16 ±0.12 X 


(, -,.+0.11 
U.10_o.lo 


180 




1-13+0 35 

— U.OD 


1.08 ± 0.28 ± 0.11 


0.87+n ?n ±0.09 


< 3.3 




0.96+»-2i 
— u. ly 


181 


KsKsKs 


6.2+;? 

— 1.1 


6.9tQ g ± 0.6 


4.21^;® ±0.8 






6.2 ± 0.9 




KsKsKl 


New 


< 16i 








< 16^ 


182 


K + -K-1T° 


36.6t43 =•= 3-0 


35.7+?'? ± 2.2 

— l.o 


36.6+4 3 ±3.0 


< 40 




35.9+2-^ 


183 




8.5 ± 2.8 


8. 0+51 ± 0.6 


-15 -1+3.4+2.4 
_Lo.i_3 3_2 g 


16+1 ± 3 




8 6+?? 
"-^—1.1 




fofl 970 "1 fC" 


New 




< 2.5 






< 2.5 




ff+rtfMBO")" 


New 


< 2.1 








< 2.1 




/<'+p(1700)~ 


New 


< 1.1 








< 1.1 




K+-K--K°{NR) 


New 


4.4 ±0.9 ±0.5 


< 9.4 






4.4 ± 1.0 


189 


K* + TT- 


11. 8± 1.5 


11.7+_\i 


8.4±l.ltJ;° 


16+^ ±2 




10.6 ±0.9 


191 




< 3.5 


3.6 ±0.7 ±0.4 


0.4i;-^ ±0.1 


n n+i-3+0.5 

— 0.0—0.0 




2.4 ±0.7 


— 


_ft:*+(1410)7r- 


New 




< 86 






< 86 




A'o(1430) + 7r~ 


New 


25.4+3-0+6-1 2 


49.7 ± 3.8^8 2 






34.2 ± 5.4 




J.\./-i \j-rtt.jyjj /\ 


New 


' -1.3-3.6 






11 7+0-0 




i<r* (^ /1Q^^ + -TT-~ 

i\ 2 l^i^oU ) TV 


< lo 


< ID.Z 


<. U.O 






^ P. 'i 
< D.O 




A'J (1430)0 tt" 


New 


< 4.0 








< 4.0 




iiT* (1680) + 7r~ 


New 


< 25 


< 10.1 






< 10.1 




ii:*(1680)°7r'' 


New 


< 7.5 








< 7.5 


186 




43.8 ± 2.9 


43.0 ± 2.3 ± 2.3 


47.5 lb 2.4 ± 3.7 


5011" ± 7 




44.8+?1 
^—2.5 




Pl p 


<^ oy 


■41. y ^ u.o ^ u.y 


U. J- ^ 1 .U 2 2 


^ on 
oy 




5 4+0-9 






0.0 zn yj. i mu.D 


0.0 III U. ( III U.D 


'•6 ± 1- '-1.3 






5 O+0.8 






New 


< ZO.Z 












K-^ (140Uj7r 


New 


< 21.8 








< 21.8 


1 OQ 




< Zl 




^ 1 Q 

< lo 


< ^1 




^ 1 Q 

< io 


194 




< 19 






< 19 




< 19 


195 


K+K~K^ 


24.7 ± 2.3 


23 8 + 2 + 1 fi 








24.7 ± 2.3 


1 Qfi 




8 6+1-3 


o /t + 1.5 _l_ n c: 

^ 2 in u.o 


Q ri + 2.2 _|_ ri y 

y .u 2 g ^ u. / 


r- yi+3.7 _|_ ri y 
0.^_2 ^ U. / 




°"^-i.O 


1 OQ 

iyo 




^ 14UU 


It Z.y It 4. .3 








O4.0 It D.z 


1 QQ 

lyy 


i\ p 


^ Q/1 
<. o4 


o.D It U.y It l.o 




< o4 




0.0 It i.D 


200 


/o(980)K " t 


< 170 


< 4.3 








< 4.3 




j\ p 


New 


< 12 








< 12 




K 


New 


< 1.9 








< 1.9 


202 


— T^-i- 


< 230 


16.3 ± 2.9 ± 2.3 








16.3 ± 3.7 






New 


74+1 n+1 n 








7.4 ± 1.4 




l^^Q 1^4- T> — 
i\ i\ ' J\ 


< DiU 


Zi .0 ± L.o ± z.z 








Z/ .0 it Z.D 


204 




9.5 ± 0.9 


9.2 ± 0.7 ± 0.6 


-1 /-v4-l 64-0 7 

io.oii:°i;;-i 


1 1 I--4-4 5+1 8 
11-3-3.7-1.7 




9.5 ± 0.8 




(f>K^°{U30) 


New 


4.6 ±0.7 ±0.6 








4.6 ±0.9 




<l>Kf {1430) 


New 


7.8 ±1.1 ±0.6 








7.8 ± 1.3 




(^_ft:*0(1680) 


New 


< 3.5 








< 3.5 




,pKf {1780) 


New 


< 2.7 








< 2.7 




4>Kf {2045) 


New 


< 15.3 








< 15.3 




§ 


New 


4.11;-;^ ±0.4 








9 O+0.9 




K*°7r+K- 


New 


4.6 ±1.1 ±0.8 








4.6 ± 1.4 




K*°K+iT- 


New 


< 2.2 








< 2.2 


205 


K*°K*o 


< 22 


1.28+0-j5±0.11 




< 22 




1 90+0.37 

l-^°-0.32 


206 


K*°K*'> 


< 37 


< 0.41 




< 37 




< 0.41 


207 


K*+K*- 


< 141 






< 141 




< 141 




ri'ri'K° 


New 


< 31 
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< 31 



fProduct BF - daughter BF taken to be 100%, ^Relative BF converted to absolute BF ^M^p^ < 
2.85 GeV/c2 ^Excludes M{KsKs) regions [3.400,3.429] and [3.540,3.585] and M{KsKl) < 

-1 r\Ac\ ^\ r / .9. 9t i ^1 ^ o j_' j ^1 T^5k/-i /(or\\ nTn 



Table 116: Branching fractions of charmless mesonic 5° decays without kaons (in units of 
10~^). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) result 
since PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


CLEO 


CDF 


Now avg. 


229 




4.6 ± 0.4 


5.5 ± 0.4 ± 0.3 


5.1 ± 0.2 ± 0.2 


+ i.4+U.5 
— 1.2 — 0.4 


5.10 ± 0.33 ± 0.36 t 


5.16 ± 0.22 


230 




1.5 ± 0.5 


1.47 ± 0.25 ± 0.12 


1.1 ± 0.3 ±0.1 


< 4.4 




1.31 ± 0.21 


231 




< 2.5 


< 1.3 


< 2.5 


< 2.9 




< 1.3 


232 


'I'l 


< 2.0 


< 1.8 


< 2.0 


< 18 




< 1.8 


233 


rj n 




-1- n 1 
'^•^-0.6 


oo-l-l 0-1-0 


^■^-0.0 




1 5+°-^ 
-^■0-0.6 


Zo^ 




^ 1 n 




^ D.O 


An 
^1 






Zoo 


v'v 


<. 4.D 


< i. ( 


< 4.0 


^ 07 
< ^ ( 








W 
V P 




< O. ( 


< i.O 






<. i.O 




fn('9801n' t 


New 


< 1.5 








< 1.5 


237 




< 1.5 


< 1.5 


< 1.9 


< 10 




< 1.5 




/o(980)n t 


New 


< 0.4 








< 0.4 


238 


Lori 


< 1.9 


< 1.9 




< 12 




< 1.9 


239 


LOT)' 


< 2.8 


< 2.8 


< 2.2 


< 60 




< 2.2 


240 




< 3.3 


< 1.5 




< 11 




< 1.5 


— 


/o (980)0.; t 


New 


< 1.5 








< 1.5 


241 


UJUJ 


< 19 


< 4.0 




< 19 




< 4.0 


242 




< 1 


< 0.28 




< 5 




< 0.28 


243 




< 1 


< 0.6 




< 9 




< 0.6 


244 


</"?' 


< 4.5 


< 1.0 


< 0.5 


< 31 




< 0.5 


245 


4>P° 


< 13 






< 13 




< 13 


246 


UJ<j) 


< 21 


< 1.2 




< 21 




< 1.2 


247 




< 1.5 


< 1.5 




< 12 




< 1.5 


248 


aj{980)7r± f 


< 5.1 


< 3.1 








< 3.1 




oTCl450Wi \ 

(JyQ yi.'-i.'Jy) j 11 1 


New 


< 2.3 




1.6li;4 ±0.8 




< 2.3 


250 




1.8 ±0.8 


1.4 ±0.6 ±0.3 


3.0 ±0.5 ±0.7 




2.0 ±0.5 


251 




22.8 ±2.5 


22.6 ±1.8 ±2.2 


22.6 ± 1.1 ±4.4 


27.6^7 4 ± 4.2 




23.0 ±2.3 


252 




< 230 




< 19.0 






< 19.0 


253 




< 1.1 


0.84 ±0.29 ±0.17 


0.4 ±0.4 ±0.2 


< 18 




0.68 ± 0.27 






New 




< 11.9 






< 11.9 




fo{980)TT+n- {NR) 


New 




< 7.3 






< 7.3 




/o(980)pO t 


New 


< 0.53 


< 0.6 






< 0.53 




/o(980)/o(980) t 


New 


< 0.16 


< 0.4 






< 0.16 


254 




< 490 


33.2 ±3.8 ±3.0 


29.8 ±3.2 ±4.6 






31.7 ±3.7 






New 


10.9 ±1.2 ±0.9 








10.9 ± 1.5 


257 


p+p- 


25 ±4 


25.5 ± 2.ll|^ 


22.8±3.8t2'6 






24.2t|i 


259 




< 1.2 


< 1.2 


< 2.0 


< 5.5 




< 1.2 


261 


afpT 


< 3400 


< 61 








< 61 



fProduct BF - daughter BF taken to be 100%, ^Relative BF converted to absolute BF 



Table 117: Relative branching fractions of K^K , K^-k , tt+tt . Values in red (blue) 

are new published (preliminary) result since PDG2006 [as of March 15, 2007]. 



RPP# 




Mode 


PDG2006 Avg. 


CDF D0 


New avg. 


179 


B{B^ - 


> K+K-)/B{B^ - 


K+TT-) 


0.020 ± 0.008 ± 0.006 


0.020 ± 0.010 


229 


B{B^ - 


-^7r+7r-)/B{B^ - 


^ K+TT-) 


0.259 ±0.017 ±0.016 


0.259 ±0.023 
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7.2 Radiative and leptonic decays 



Table 118: Branching fractions of semileptonic and radiative decays (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) result since 
PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 




R AR AR 




CDF 


IXTomr A '\r<T 
IN W jr\. V 


240 


ii'*+7 




'^>^7-l-9>^-l-9fi 


/19c;-|_Ql^9/L Q7 fi+S-'^ -t- 9 R 




An Q -1- 9 « 


241 


if +{1270)7 


43 lb 9 lb 9 




/I Q _i_ n J— n 
43 ± 9 ± 9 




43 lb 12 


242 




8.4ti;2 ± 0.9 


10.0 ± 1.3 ± 0.5 


8.4ti;2 ± 0.9 




9.4 lb 1.1 






New 


< 4.2 






< 4.2 


243 


K+<j>-y 


3.4 lb 0.9 lb 0.4 


3.5 ± 0.6 ± 0.4 


3.4 ± 0.9 ± 0.4 




3.5 lb 0.6 


244 




25.0 lb 1.8 lb 2.2 


29.5 ±1.3 ±2.0 t 


25.0 ±1.8 ±2.2 t 




27.6 ±1.8 






New 


40.0 it 4.Z ± 0.1 1 






40.D ± O.Z 


245 


_ft:*07r+7 § 


20-6 








on+7 

20_e 


246 


K+pO-f § 


< 20 




< 20 




< 20 


247 K+TT-n+^ (N.R.) § 






^ Q 9 




<^ Q 9 


248 


7^^(1400)7 


< 50 




< 15 




< 15 


249 


ftTj^ (1430)7 


^A^-\-A^\-\-^ ^ 
1^.0 m ^.v m ±.0 


14.0 m 4.U m ±.0 








251 


74'*+ (1780)7 


< 39 




< 39 




< 39 


253 


p+7 


< 1.8 


1 10+?,'^ ± 09 


86+°-?o+o oi < 13 

u.ou_Q 2g_0.0S ^ ^ 




96+^-?^ 


296 


P/I7 






9 /I c:+0.44 I n 99 
^.4^ — 38 ^"^^ 






297 


1 


< 4.6 




< 4.6 




< 4.6 


315 




< 3900 


< 0.18 


< 0.055 




< 0.055 


316 


77+ fl~ 


< 9100 


< 0.28 


< 0.051 




< 0.051 




n+f+£- 


New 


< 0.12 


< 0.037 




< 0.037 


317 




< 100 


< 100 


< 170 




< 100 


318 


K+e+e- 




0.42to;li ± 0.02 


0.63^° ± 0.03 < 2.4 




0.49 ± 0.10 


319 


K+fi+ii- 


"■•^^-0.14 


0.3lto;i2 ± 0.03 


0.45to i2 ± 0.03 < 3.68 


0.60 ±0.15 ±0.04 


0.45iH'8 


320 


K+i+r 


0.53lo ±0.3 


0-38too8 ± 0-02 




0.38iH^8 


321 


K+uV 


< 52 


< 52 


< 14 < 240 




< 14 






New 




< 150 




< 150 


322 


K*+e+e- 


< 4.6 


0.75lo g5 ± 0.38 


9 ,-,9 + 1.27+0.23 




, 90+0. 69 

J- . ZO Q Q2 


323 


K'+fi+p- 


< 2.2 


97+n ?n ± 14 


f.c.+o:69+o:i4 

'-'■^'-'—0.53 — 0.15 




78+n'5'2 

^ ' "—0.44 


324 


K'+e+e- 


^99 
^ z.z 


n + 1 n 91 
U./0_Q ^2 ^ U.Zi 






n 70+0.54 

0. l^3_o 47 




K*+uV 


New 




^ 1 /in 




<^ 14U 


327 


K+e+p- 


HQ 


< u.uy 






< U.uy 


328 


K+e-p+ 


< 6400 


< 0.13 






< 0.13 




K+T^p'F 


New 


< 77 






< 77 


329 


K*+e^p^ 


< 7.9 


< 1.4 






< 1.4 


330 


Tr^e+e"*" 


< 1.6 




< 1.6 




< 1.6 


331 


TT~ p'^p'^ 


< 1.4 




< 1.4 




< 1.4 


332 




< 1.3 




< 1.3 




< 1.3 


333 




< 2.6 




< 2.6 




< 2.6 


334 


p-p+p+ 


< 5.0 




< 5.0 




< 5.0 


335 


p~e~^p~^ 


< 3.3 




< 3.3 




< 3.3 


336 


K-e+e+ 


< 1.0 




< 1.0 




< 1.0 


337 


K-p+p+ 


< 1.8 




< 1.8 




< 1.8 


338 


K-e+p+ 


< 2.0 




< 2.0 




< 2.0 


339 


K—e+e+ 


< 2.8 




< 2.8 




< 2.8 


340 


K'-p+p+ 


< 8.3 




< 8.3 




< 8.3 


341 


K''-e+p+ 


< 4.4 




< 4.4 




< 4.4 






New 


< 0.17 






< 0.17 




< 1.8 GeV/c^; t 1.0 < Mk^^ 


< 2.0 GeV/c2; 


§ MKnn < 2.4 GeV/c^ 
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Table 119: Branching fractions of semileptonic and radiative decays (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) result since 
PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


CLEO 


CDF 


New Avg. 


213 




40.1 ± 2.0 


39.2 ± 2.0 ± 2.4 


40.1 ± 2.1 ± 1.7 


45.5+g ^ ± 3.4 




40.1 ± 2.0 


214 




o 7+3.1+1.9 
°- ' -2.7-1.6 


11. 3+2 5 ± 0.6 


+3.1+1.9 
' -2.7-1.6 






10 3+^'^ 




J\ 7} 'J 


New 


< U.D 








< D.D 


215 




< 8.3 


< 2.7 


< 8.3 






< 2.7 


216 




4.6 ± 1.4 




^•" — 1.2-0.7 






4.6 ± 1.4 


217 




< 130 




< 130 






< 130 


218 




< 2.6 




< 2.6 






< 2.6 


219 


_/^" ^ TV ^ TT ' 


24 ± 4 ± 3 


1 a t: _|_ 9 1 _|_ 1 9 + 


24 ± 4 ± 3 1 






19.5 ± 2.2 






New 












220 


X? (1270)7 


< 58 




< 58 






< 58 


221 


(1400)7 


< 15 




< 15 






< 15 


222 


(1430)7 


12.4 ±2.4 


12.2 ±2.5 ±1.0 


13 ± 5 ± 1 






12.4 ±2.4 


224 


^3*0 (1780)7 


< 83 


0.79tQ 20 ± 0.06 


< 83 






< 83 


226 


P°7 


< 0.4 


0.76 ±0.17 ±0.06 


< 17 




0.77 ±0.14 


227 




< 0.8 


QAOtoll ± 0.05 


0.42t°;^° ± 0.04 


< 9.2 




^■^J^-O 14 


228 


4n 


< 0.85 


< 0.85 




< 3.3 




< 0.85 


— 


TrOe+e- 


New 


< 0.14 


< 0.143 






< 0.14 


- 




New 


< 0.51 


< 0.154 






< 0.154 


- 


■n^l+l- 


New 


< 0.12 


< 0.133 






< 0.12 


- 




New 




< 220 






< 220 


293 


K°e+e- 


< 0.54 


0.13io;ii ± 0.02 


n nn+0-20+0.02 
*J-'-'^-0.12-0.05 


< 8.45 




n nq+012 
"■'^^-0.09 


294 






0.59lo 26 ± 0.07 


0-56lo.23 ± 0.05 


< 6.64 




p:7+0.22 
'-'•'^'-0.18 


295 


K^e+e- 


< 0.68 


0.29to " ± 0.03 








29+°-^^ 
^■■^^-0.13 




K°i>V 


New 




< 160 






< 160 






New 




< 440 






< 440 


296 


K*Oe+e- 


< 2.4 


1.04j;o 29 ± 0.11 


, 9Q+0.57+0.13 
J^-^^-0.49-0.10 






, „+0.30 
^■^^-0.26 


297 




1 99+0.38 
^■^^-0.32 


0.87lo;33 ± 0.12 


1.33tg-^? ±0.11 




0.82 ±0.31 ±0.10 


0.98t°J2 


298 




< 1000 




< 340 






< 340 


299 




1.17 ±0.30 


0.8lio:?9 ± 0.09 








n O1+0.23 
0-81-0.21 




(j>vV 


New 




< 58 






< 58 




7rOe±AtT 


New 


< 0.14 








< 0.14 


301 




< 4.0 


< 0.27 








< 0.27 


302 




< 3.4 


< 0.58 








< 0.58 



Wk^^ < 1-8 GeV/c^; t 1-0 < Mk^tt < 2.0 GeV/c^; § 1.25 GeV/c^ < Mk^ < 1-6 GeV/c^ 
7.3 B Xsj 

The decay B — > Xg'y proceeds through a process of flavor changing neutral current. Since the 
charged Higgs or SUSY particles may contribute in the penguin loop, the branching fraction 
is sensitive to physics beyond the Standard Model. Experimentally, the branching fraction is 
measured using either a semi-inclusive or an inclusive approach. A minimum photon energy 
requirement is applied in the analysis and the branching fraction is corrected based on the 
theoretical model for the photon energy spectrum (shape function). In this average of the B —>■ 
Xsj branching fraction, we still use the extrapolation factors [392] obtained by O. Buchmiiller 
and H. Flacher and listed in Table 11231 The extrapolation factors are defined as the ratios of 
the B — > Xg'y branching fractions with minimum photon energies above and at 1.6 GeV. The 
appropriate approach to average the experimental results is to first convert them according to 
the average extrapolation factors and then perform the average, assuming that the errors of 
the extrapolation factors are 100% correlated. 

After releasing our average for 2006 [4] , two more measurements on the B —>■ Xsj branching 
fraction were available: the BaBar result [393] using full hadronic tags and the Belle inclusive 
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Table 120: Branching fractions of semileptonic and radiative B decays (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) result since 
PDG2006 [as of April 15, 2008]. 









R AR AR 

J_> JT. J_) JT. 1 V. 


Belle 


CLEO 


IN e W T\ V ti . 


61 










1 7 -1- n fi + n 1 


1 7 ± 6 


63 




< 37 




< 2.8 


321 ± 43^29 


< 2.8 


70 




343 ± 29 


327 ± 18^41 


325 ± 16 ± 24 


352 ± 23 ± 9 




S'y with barvons 


New 






< 38 t 


< 38 t 


74 


PI 


< 1.9 


1.36l[j-^? ±0.10 


1.19 ±0.24 ±0.12 


< 14 


-1 97+0.20 
^■■^ ' —0.19 


75 




< 1.2 


1.25 ±0.25 ±0.09 


1.13 ±0.20 ±0.11 


< 14 


1.18 ±0.17 




Krjy 


New 




8. 5+12 ± 0.9 




8.5+}-^ 

— 1.5 


105 




4.7 ±1.3 


fi n + 1 7 + 1 3 

U . _1_ -L . 1 _l_ -L . O 


4 Oil 3+0-9 


< 57 


4.7 ±1.3 


106 




4.3 ±1.2 


K n -1- 2 8 + 1 2 


4 1 + 1 1+0.9 
^.i zn l.l_Q g 


< 58 


4 3+1-3 


107 


si+l- X 


4.5 ± 1.0 


5.6 ±1.5 ±1.3 


4.11±0.83to;|i 


< 42 


4.50tl;0? 






New 


< 0.091 


< 0.051 




< 0.051 


108 


Ke+e- 


o.6o«:l^ 


0.33l!j;g^ ± 0.02 


0.48to i| ±0.03 




,-, OO+0.08 


109 


K*e+e- 




0.97lo 2? ±0.14 


-1 .Q+6.52+0.11 
^■^^-0.46-0.13 




1 iq + 0.28 

^^•^^•-'-0.26 


110 


K/i+fi- 




0.35lo 11 ± 0.03 


0.48to n ± 0-04 




42+0-09 


111 




1 iq+0-34 


0.88lo 3o ±0.12 


1.17t{j|f ±0.10 




l.UO_(j 23 


112 


Ke+e- 


0.54 ± 0.08 


0.34 ±0.07 ±0.02 


0.48to Jg ± 0.03 


< 1.7 


0.39 ±0.06 


113 


K*e+e- 


1.05 ± 0.20 


0.78+°-^^ ±0.11 


1.15to:24 ±0-08 


< 3.3 


94+0-17 


115 




< 1.6 


< 0.092 




< 1.6 


< 0.092 


116 




< 3.2 






< 3.2 


< 3.2 


117 




< 1.6 


< 0.038 




< 1.6 


< 0.038 


118 




< 6.2 


< 0.51 




< 6.2 


< 0.51 



> 2.0 GeV; tM{£+f-) > 0.2 GeV/c^ 



Table 121: Branching fractions of inclusive B decays (in units of 10 ^). Values in red (blue) 
are new published (preliminary) result since PDG2006 [as of April 15, 2008]. 



RPP# Mode 


PDG2006 Avg. 


BABAR 


Belle CLEO New Avg. 


K+X 
K'^X 


New 
New 


iqfi+37+31| 

1 p;/|+55+554. 
J- ^"1-48-41 1 


196^1^ 

-■-^^-63 



t p* > 2.34 GeV 



result [394] with a factor of five more data than the previous measurement. The former used a 
data sample orthogonal to the lepton tag sample for the early inclusive measurement. Therefore, 
the new BaBar result is included in the average while the Belle measurement supersedes their 
previous one. In the Belle new measurement, the B Xg'y branching fraction was obtained 
with various minimum photon energy requirement, 1.7 to 2.1 GeV. The study shows that there 
are clearly signal events with photon energy between 1.7 and 1.8 GeV. Although lowering 
to 1.7 GeV causes larger systematic error from the background, it will encourage a deeper 
understanding of the theory uncertainties, especially on those related to the extrapolation. 
Therefore, we choose the Belle measurement with the minimum photon energy at 1.7 GeV to 
compute the average. 

The six experimental measurements selected for the average are shown in Table 11241 They 
have provided in their papers either the B — > Xgj branching fraction at a certain photon energy 
cut or the extrapolation factor used. Therefore we are able to convert them to the values at 
-^'min = 1-6 GeV using the information in Table 11231 The errors are, in order, statistical, 
systematic and shape-function systematic, except for the BABAR inclusive where there is a 
second systematic error (third quoted error) due to theoretical uncertainties. Moreover, in the 
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Table 122: Branching fractions of leptonic B decays (in units of 10 Upper limits are at 
90% CL. Values in red (blue) are new published (preliminary) result since PDG2006 [as of April 
15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


CLEO 


CDF D0 


New Avg. 


15 




< 15 


< 5.2 


< 1.0 


< 15 




< 1.0 


16 




< 6.6 


< 5.6 


< 1.7 


< 21 




< 1.7 


17 




< 260 


120 ± 40 ± 36 


1 7Q+56+46 
1 ' y_49_5i 


< 840 




141+43 


18 




< 200 






< 200 




< 200 


19 




< 52 






< 52 




< 52 


290 


77 


< 0.62 


< 1.7 


< 0.62 






< 0.62 


291 


e~^e~ 


< 0.061 


< 0.113 


< 0.19 


< 0.83 




< 0.113 


— 


e"'"e~7 


New 


< 0.12 








< 0.12 


292 




< 0.039 


< 0.052 


< 0.16 


< 0.61 


< 0.023 


< 0.023 






New 


< 0.16 








< 0.16 




1+1- 


New 


< 4100 








< 4100 


300 




< 0.17 


< 0.092 


< 0.17 


< 1.5 




< 0.092 


303 




< 110 


< 28 




< 110 




< 28 


304 




< 38 


< 22 




< 38 




< 22 


305 


uV 


< 220 


< 220 








< 220 


306 




< 47 


< 47 








< 47 



Table 123: Extrapolation factor in various scheme with various minimum photon energy re- 
quirement (in GeV). 



Scheme 




< 


1.7 




< 


1.8 


Ej 


< 


1.9 




Ej 


< 


2.0 


Ey < 2.242 


Kinetic 




i6 


± 


0.001 


0.968 


± 


0.002 


0.939 


± 


0.005 


0. 


903 


± 


0.009 


0.656 ±0.031 


Neubert SF 


0.9^ 


12 


± 


0.002 


0.962 


± 


0.004 


0.930 


± 


0.008 


0. 


888 


± 


0.014 


0.665 ±0.035 


Kagan-Neubert 


0.9J 


18 


± 


0.002 


0.970 


± 


0.005 


0.940 


± 


0.009 


0. 


892 


± 


0.014 


0.643 ±0.033 


Average 


0.9i 


i5 


± 


0.004 


0.967 


± 


0.006 


0.936 


± 


0.010 


0. 


894 


± 


0.016 


0.655 ±0.037 



four inclusive analyses a possible B X^^y contamination has been considered according to 
the expectation of (4.0 ± 0.4)%. The central value is the same as used in our 2006 average but 
the uncertainty shrinks by a factor of four, due to better understanding of from the 

Bs-Bs mixing and B ^ p/u •y measurements. Compared to the other systematic uncertainties, 
the error that arises from the B — > X^'y fraction is too small to be considered. We perform 
the average assuming that the systematic errors of the shape function are correlated, and 
the other systematic errors and the statistical errors are Gaussian and uncorrelated. The 
obtained average is B{B ^,7) = (352 ± 23 ± 9) x 10"^ with a xVDOF= 1.00/5, where 
the errors are combined statistical and systematic and systematic due to the shape function. 
The second error is estimated to be the difference of the average after simultaneously varying 
the central value of each experimental result by ±lcr. Although a small fraction of events was 
used in both the semi-inclusive and inclusive analyses in the same experiment, we neglect their 
statistical correlations. Some other correlated systematic errors, such as photon detection and 
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the background suppression, are not considered in our new average. 



Tabic 124: Reported branching fraction, minimum photon energy, branching fraction at mini- 
mum photon energy and converted branching fraction for the decay b S7. All the branching 
fractions are in units of 10~^. See text for an explanation of the errors. The CLEO measur- 
ment on the branching fraction at Ermmin includes B — > X^j events. The last error of the Belle 
reported branching fraction in their inclusive analysis is the systematic uncertainty due to the 
boost of the 7 energy from the center of mass frame to the B meson rest frame. 



Mode 



Reported B E„ 



B at E„ 



-10 

336 ± 53 ± 42+^° 



Modified B {E„,ui = 1-6) 



CLEO Inc. [395] 
Belle Semi. [396] 
BABAR Semi. [397] 
BABAR Inc. [398] 
BABAR FuU [393] 
Belle Inc. [394] 



321 ± 43 ± 27: 



2.0 
2.24 
1.9 

1.9 
1.9 



306 ±41 ±26 

367 ± 29 ± 34 ± 29 

366 ± 85 ± 60 



366 ± 85 ± 60 
332 ±16±37± 1 1.7 332 ± 16 ± 37 ± 1 



329 ± 44 ± 28 ± 6 
369 ± 58 ± 4:6tfo 
349 ± 20tlltt 
392 ±31 ±36 ±30 ±4 
391 ±91 ±64 ±4 
337 ± 16 ± 38 ± 1 



7.4 Baryonic decays 
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Table 125: Branching fractions of baryonic decays (in units of 10 ^). Upper limits are 
at 90% CL. values in red (blue) are new published (preliminary) result since PDG2006 [as of 
April 15, 2008]. 





iVlUQc; 


pr)P9nnfi Aver 








^IfiTUT" At 7" re 
i\t;W rWg,. 


286 




q 1 +0.8 
"J-^-O.T 


1.69 ±0.29 ±0.26 f 


1.68t°;26 ± 0.12 t 


< 160 




289 




5.6 ± 1.0 


6.7 ±0.5 ±0.4 t 


5.98^0^7 ± 0.39 t 




6.24tr3^ 


290 


e++p * 


< 0.091 


< 0.09 


< 0.091 




< 0.09 


291 


fj{2221)K+ * 


< 0.41 




< 0.41 




< 0.41 


292 


pA{1520) 


< 1.5 


< 1.5 






< 1.5 


294 


ppK*+ 


1 n q+3.6+1.3 
lU.O_2.8-1.7 


5.3 ± 1.5 ± 1.3 t 


3.38t°:^^ ± 0.39 t 




o (;4+0.79 




fj{2221)K*+ * 


New 


< 0.77 






< 0.77 


295 


pA 


< 0.49 




< 0.32 


< 1.5 


< 0.32 




pAn^ 


New 




3.001^-^3 ± 0.33 




o 00+0-69 




pS{1385)° 


New 




< 0.47 




< 0.47 




A+A 


New 




< 0.82 




< 0.82 


299 


AAtt+ 


< 2.8 




< 2.8 t 




< 2.8 t 


300 


AAK+ 
A p 


2.9to j ± 0-4 




2.9l°;^±0.4 t 




^•^-0.8 


301 


< 380 




< 1.42 


< 380 


< 1.42 


302 


A++P 


< 150 




< 0.14 


< 150 


< 0.14 



§Di-baryon mass is less than 2.85 GeV/c^; f Charmonium decays to pp have been statistically subtracted. 
I The charmonium mass region has been vetoed. 

* Product BF - daughter BF taken to be 100%: 9(1540)++ K+p (pentaquark candidate). 



Table 126: Branching fractions of baryonic decays (in units of 10 ^). Upper limits are at 
90% CL. values in red (blue) are new published (preliminary) result since PDG2006 [as of April 
15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


CLEO 


New Avg. 


266 


pp 


< 0.27 


< 0.27 


< 0.11 


< 1.4 


< 0.11 


268 


ppK° 


o 1 +0.6 
^■-'--0.4 


3.0 ±0.5 ±0.3 t 


2.5ll!5-^^ ±0.21 t 




^■'-"J-0.32 


269 


e+p * 


< 0.23 


< 0.05 


< 0.23 




< 0.05 




fj{2221)K° * 


New 


< 0.45 






< 0.45 


270 


ppK*° 


< 7.6 


1.47 ±0.45 ±0.40 t 


i.i8l°:29±o.ii t 




-'^■^^-0.25 




fj{222l)K*^ * 


New 


< 0.15 






< 0.15 


271 


pAlT~ 


2.6 ±0.5 


3.30 ±0.53 ±0.31 


3.23t!^:^^ ± 0.29 


< 13 


q 9r+0.36 




p'S(lZ8b)- 


New 




< 0.26 




< 0.26 




A'^A 


New 




< 0.93 




< 0.93 


272 


pAK' 


< 0.82 




< 0.82 




< 0.82 


273 


ph TT 


< 3.8 




< 3.8 




< 3.8 


274 


AA 


< 0.69 




< 0.32 


< 1.2 


< 0.32 



§Di-baryon mass is less than 2.85 GeV/c^; f Charmonium decays to pp have been statistically subtracted. | The 
charmonium mass region has been vetoed. * Product BF - daughter BF taken to be 100%; 8(1540)+ pK'^ 
(pentaquark candidate). 
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7.5 Bs decays 



Table 127: Bg branching fractions (in units of 10 ^). Upper limits are at 90% CL. Values in 
red (blue) are new published (preliminary) result since PDG2006 [as of March 15, 2007]. 



RPP# Mode PDG2006 Avg. Belle CDF DO New Avg. 



9 


TT + TT 


< 170 




0.53 ±0.31 ±0.40 




0.53 ±0.51 


15 


00 


14 ±8 




14+^ ± 6 t 




14^? 


16 




< 210 




5.0 ±0.75 ±1.0 




5.00 ± 1.25 


17 


K+K- 


< 59 


< 310 


24.4 ± 1.4 ±4.6 




24.4 ±4.8 


22 


77 


< 148 


< 8.7 






< 8.7 


23 


07 


< 120 


f- 7+18+12 
J '-15-11 






p-7+21 
3 '-18 


24 




< 0.15 




< 0.047 


< 0.075 


< 0.047 


26 




< 6.1 




< 6.1 




< 6.1 


27 


fJi^ jjL~(j) 


< 47 




< 2.3 


< 3.2 t 


< 2.3 



fRelative BF converted to absolute BF 



Table 128: Bg rare relative branching fractions. Values in red (blue) are new published 
(preliminary) result since PDG2006 [as of April 15, 2008]. 



RPP# 


Mode PDG2006 Avg. 


CDF 


DO 


New Avg. 


9 
15 
16 
17 
27 


hB{B'> ^ ■K+7T-)/faB{B0 ^ K+w-) 

B(B° ^ <t><t>)/B(B'i ^ J/i,4>) 
fsB{BO ^ ^+^-)/^^g(^o ^ ^+^-) 

^ K+K-)/faB{B'l ^ K+^~) 
BiB^ ^ M+M-</')/e(BO ^ j/^^) 


0.007 ±0.004 ±0.005 

(10t| ± 1) X 10"^ 
0.066 ±0.010 ±0.010 
0.324 ±0.019 ±0.041 
1.24 ±0.60 ±0.15 


< 3.5 X 10"^ 


0.007 ±0.006 

0.066 ± 0.014 
0.324 ± 0.045 
1.24 ±0.62 



7.6 Charge asymmetries 
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Table 129: CP asymmetries for charmless hadronic charged B decays (part I). Values in red (blue) are new published 
(preliminary) result since PDG2006 [as of April 15, 2008]. 





iViOQO 






ijeiie 






New Avg. 


182 


K TT^ 


n no _L n nv 
— U.U2 ± U.U ( 


n n9n J— n nQO _l_ n m n 
— O.Uz9 ± U.U3y ± U.UlU 


U.U3 ± 0.03 ± U.Ul 


n 1 c _L n OA _L n no 
U.lo ± U.Z4 ± U.UZ 




n nnn _L n not; 
U.UUy ± U.Uzo 


-Loo 


K + TT^ 


OA -1- n riA 


u.uou It u.uoy m u.u±u 


0.07 ±0.03 ±0.01 


n on _L n oo _|_ n no 




n ncrn _|_ n nor: 
U.UOU ^ u.uzo 


184 


n' K'^ 


020 H- n 02'S 

\J.VjiiL/ _1_ KJ.yJ.^'J 


n fii n + n 022 + 006 


n 098 + n 028 + 021 


n QQ _L n 1 o _L n no 




01 (S H- 01 Q 


185 


Ij i\ 


New 


30+9'22 + 02 










186 




—0 25 + 14 


— 22 + n + 01 


—0 39 + 16 + 03 






— 27 + 09 


-LO / 






n 01 -1- OS -1- 09 
U-U-L ^ U.UO ^ U.UZ 


nn'^-ko 10-1-0 01 

U.UO ^ U.IU ^ U.Ul 






09 -1- OR 
U.U^ ^ U.UU 




r?i^n"^{'1430) 


New 


0.05 ± 0.13 ± 0.02 








0.05 ± 0.13 




r;ii'2'''(1430) 


New 


-0.45 ± 0.30 ± 0.02 


0.05+nn? ±0.01 






-0.45 ± 0.30 


188 




-0.02 ± 0.13 


-0.01 ±0.07 ±0.01 






0.02 ±0.05 


192 




0.07 ± 0.11 


0.032 ± 0.052lj5 j| 


-0.149 ± 0.064 ± 0.022 






-0.114 ± 0.061 


193 




New 


0.04 ±0.29 ±0.05 








0.04 ±0.29 


194 




-0.013 ± 0.039 


0.028 ±0.020 ±0.023 


0.049 ± 0.026 ± 0.020 






0.038 ±0.022 


196 


/o(980)i4'+ 


0.09l°;l* 


-0.106 ±0.050j:o;oi5 


-0.077 ± ombto^ll 






-0.095+nf2 


197 


/2(1270)X+ 


New 


-0.85±0.22lg;j| 


-0.59 ±0.22 ±0.04 






-0.681°;?° 


200 


/o(1500)ft:+ t 


New 


0.28±0.26+n 

— U. 14 








0.28+°i° 


202 




32+°-]t 

u. J^_0.15 


0.44 lb O.IO'^q'54 


30 ± ll+2 iJ 






0.37 ± 0.11 


203 


K'^*^(1430)-7r+ 


-0 064+° °3? 


0.032 ± 0.035"^q'o28 


0.076 ± 0.038lo 022 






055+° °^4 

'-'•^'-"-'—0.032 


204 




INc W 


n -1- no+0.18 

U.UO ^ U.ZO Q Qg 








U.UD_o 24 


oi 1 


J\ p ' 


New 


— U.lz ± U.i( zt U.Uz 








n 1 o _L n 1 v 
— U.lz it U. 1 ( 


213 


A ~ p 


0.20_o 29 


0.zO_Q 29 ± U.U4 








n on~l~0 . 32 
0.20_o.29 


91 A 


I\ p 


iNew 


nni -kn iR-i-n 09 
— u.ui zc u.iD m u.uz 








nni 4- a ^f\ 

— U.Ul ZH U.ID 






New 


"^A -k 91 -1-0 0"^ 
— U-O^ ^ U.ir-L ^ U.UO 








n ^ 91 

— U.O^ It U.Zl 


218 


K ^ 


0.15 ± 0.33 


n T n 1 n or* i o no 

U.IU ± 0.26 ± 0.03 


n 1 o~|~U.23 1 r\ no 
U.lo_o 24 ^ ^-^J^ 






n 1O+0.17 
0-12Io.i8 


220 


K^KsKs 


—0.04 ± 0.11 


—0.04 ± 0.11 ± 0.02 






—0.04 ± 0.11 


222 


K TT^ 


New 


0.00 ± 0.10 ± 0.03 








0.00 ± 0.10 


228 




-0.02 ± 0.08 


-0.02 ± 0.03 ± 0.02 








-0.02 ± 0.04 






U.Ul it U.U / 


U.U4D it U.U4D it U.Ui / 


n ni J- n i o _l n 
U.Ui it U.lz it U.Uo 




n n? j_ n 1 7+0.03 
-0.07 ± 0.17_o Q2 


U.Uo4 it U.U44 




-1- T^n 
aJK" 


New 


0.12 ± 0.11 ± 0.02 








0.12 ± 0.11 




blK+ 


New 


-0.46 ± 0.20 ± 0.02 








-0.46 ± 0.20 


— 


K*+Tr+'iT~ 


New 


0.07 ± 0.07 ± 0.04 








0.07 ±0.08 


235 


K'+K+K- 


New 


0.11 ± 0.08 ± 0.03 








0.11 ± 0.09 


ZOO 


(pj\ 


U.UO it U.ii 


U.UU it U.Uy it U.U4 


n no _L n i /i _l n nQ 
— U.UZ it U.i4 it U.UvS 






A ni _L n nc 
—U.Ul it U.Uo 


239 




New 




O.Ollp'J^g ± 0.02 






r» r»i +0.19 
0-01-0.16 


Z^Z 




n 1 R _|_ fi in 


n HQ -1- n 1 9 -1- n ni 
— u.uy m u.±z m u.u± 


-0.16 lb 0.09 lb 0.06 






n 1 -1- n ns 

— u.lo It U.Uo 


243 


K+rtry 


New 


_n OR _|_ n 1 A 05 

— U.^U ^ U.X4: ^ U.UO 








_n ofi -L n 1 c: 
— U.^U u.lo 


254 


TT+n° 


—0 02 + 07 


n HQ _|_ n nc _L n ni 

\J.\JiJ _1_ L/.WO _l_ L/.VJJ- 


n ny _L n fiR _|_ n ni 






Ofi H- 05 

U.VJVJ _1_ l/.wo 


255 






_n ni + 08 + 03 








_n ni + 09 


9c; 
ZOO 


p TT 


— U.U / It U. 10 


n n7 -U n 1 o+0-03 
-U.U(' ± U.12_Q 06 








n p,7+0.12 

-o.u<'_o 13 


ZO / 




New 


n c;n J_ n j_ n ar 
— U.oU it U.o4 it U.UD 








n ^ n ^a 
— U.oU ± U.04 


258 


/2 (1270)77^ 


New 


—0.01 ± 0.251q 32 


0.06±0.17tE;;[55 






n ni +0.38 
-0.01I(,4i 


264 


4- 


0.15 ± 0.12 


-0.01 ± 0.13 ± 0.02 






0.02 ± 0.11 


266 


-1- n 


—0.09 ± 0.16 


-0.12 ± 0.13 ± 0.10 


0.00 ± 0.22 ± 0.03 






-0.08 ± 0.13 






New 


0.05 ± 0.16 ± 0.02 








0.05 ± 0.16 


269 




0.10 ±0.22 


-0.02 ±0.08 ±0.01 


-0.02 ±0.09 ±0.01 


-0.34 ±0.25 lb 0.02 




-0.04 ±0.06 


270 




0.05 ±0.26 


0.04 ±0.18 ±0.02 








0.04 ±0.18 


271 


777r+ 


-0.05 ±0.10 


-0.08 ±0.10 ±0.01 


-0.23 ±0.09 ±0.02 






-0.16 ±0.07 


272 




0.14 ±0.16 


0.21 ±0.17 ±0.01 


0.20lo 3g ± 0.04 






0.21 ±0.15 


273 


ri'p+ 


New 


-0.04 ± 0.28 ± 0.02 






-0.04 ±0.28 


274 


rip+ 


New 


0.02 ±0.18 ±0.02 


-0.0411^:34 ±0.01 






0.01 ±0.16 



Table 130: CP asymmetries for charmless hadronic charged B decays (part 11). Values in red (blue) are 
new published (preliminary) result since PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle CLEO CDF 


New Avg. 


286 


pp7r+ 


-0.16 ±0.22 


0.04 ± 0.07 ± 0.04 


-0.17 ±0.10 ±0.02 


-0.04 ±0.06 


289 




-0.05 ±0.11 


-0.16 ±0.08 ±0.04 


-0.02 ±0.05 ±0.02 


-0.06 ±0.05 


294 




New 


0.32 ± 0.13 ± 0.05 


-0.01 ±0.19 ±0.02 


0.21 ±0.11 


296 


pA'y 


New 




0.17 ±0.16 ±0.05 


0.17±0.17 






New 




0.01 ±0.17 ±0.04 


0.01 ±0.17 


320 


K+U 


New 


-0.07 ±0.22 ±0.02 




-0.07 ±0.22 



Table 131: CP asymmetries for charmless hadronic neutral B decays. Values in red (blue) are new 
published (preliminary) result since PDG2006 [as of April 15, 2008]. 



RPP* 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


CLEO 


CDF 


Ngw Avg. 


168 


K + TT' 


-0.113 ± 0.020 


-0.107 ±o.oi8i[]:{;^^ 


-0.094 ± 0.018 ± 0.008 


-0.04 ± 0.16 ± 0.02 


-0.086 ± 0.023 ± 0.009 


-0.097 ± 0.012 


171 




New 


_n OS + n 9^ -1- n 09 








_n no _L n oc 


1 79 


Tjl\ 


n 09 -t- n 1 1 
u.uz m u. 1 ± 


n 91 + nfi + 09 
u.zi ZLL u.uo m u.uz 


17 + Ofi + 001 
U.li It U.UO IC U.Ul 






u. ±y III U.UO 






New 


n OR + 1 '^ -1- 09 

u.uu zn. u.-LO zn. u.uz 








n riR -1- 1 

u.uu U.-LO 


— 




New 


-0.07 ±0.19 ±0.02 








-0.07 ±0.19 


180 




New 




-0..58io gg ± 0.04 






n c:o+0.73 

-u.a»_o gg 


182 


R+tt-tt'^ 


0.07 ±0.11 




0.07 ±0.11 ±0.01 






042+0.059 

U.U4Z_Q QgJ^ 


183 


R+p- 


0.26 ±0.15 


O.lltg ±0.07 


p. r,r, + 0.22 + 0.06 

'-'•^^-0.23-0.02 






0.15 ±0.13 




R+n-TT°{NR) 


New 


r, r,o+6.i9+o.ii 

'-'•^■^-0.27-0.10 


n 9fi+0. 33+0.10 
'-'•^°-0.34-0.08 




0-23tE!;g 


189 


R*+n- 


-0.05 ±0.14 


-0.14 ±0.12 






-0.10 ±0.11 


191 


R'OttO 


New 


-0.09 ± 0.2lj:E!;o9 






U.Uy_Q 23 




ft:(;{1430)+7r- 


New 


0.17to ig ±0.22 








Q 17 + 0.25 

^^■^^'-0.27 




K^{1430)07r0 


New 


-0.22 ± 0.12lEJ;^^ 








fi oQ+0.32 
*J-^^-0.31 


198 


R*'^TT+-n-- 


New 


0.07 ± 0.04 ± 0.03 








0.07 ±0.05 


199 


R*OpO 


New 


0.09 ± 0.19 ± 0.02 








0.09 ±0.19 


200 


/o(980)K*o 


New 


-0.17 ±0.28 ±0.02 








-0.17 ±0.28 


202 


a-fR- 


New 


-0.16 ±0.12 ±0.01 








-0.16 ±0.12 




biR+ 


New 


0.07 ±0.12 ±0.02 








0.07 ±0.12 


204 


4>R*° 


0.01 ±0.07 


-0.03 ±0.07 ±0.03 


0.02 ± 0.09 ± 0.02 






-0.01 ± 0.06 




0X^0(1430) 


New 


0.17 ±0.15 ±0.03 








0.17±0.15 




0X2*0(1430) 


New 


-0.12 ±0.14 ±0.04 








-0.12 ±0.15 


203 


R'''^R+R- 


New 


0.01 ± 0.05 ± 0.02 








0.01 ±0.05 




R'OjT+R- 


New 


0.22 ± 0.33 ± 0.20 








0.22 ±0.39 


230 




0.3 ±0.4 


0.49 ± 0.35 ± 0.05 


44+0.73+0.04 
^•^^-0.62-0.06 












New 


-0.05 ±0.10 ±0.02 








-0.05 ± 0.10 


270 


ppR*° 


New 


0.11 ± 0.13 ± 0.06 


-0.08 ±0.20 ±0.02 






0.05 ±0.12 


271 




New 




-0.02 ±0.10 ±0.03 






-0.02 ± 0.10 



f Measurements of time-dependent CP asymmetries are listed in the section of the Unitarity Triangle. 



Table 132: Charmless hadronic CP asymmetries for B^/B^ admixtures. Values in red (blue) are new 
published (preliminary) result since PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


CLEO CDF 


New Avg. 


58 


K*j 


-0.01 ± 0.07 


-0.013 ±0.036 ±0.010 


-0.015 ±0.044 ±0.012 


0.08 ±0.13 ±0.03 


-0.010 ±0.028 


70 


s-y 


0.00 ± 0.04 


0.025 ±0.050 ±0.015 


0.002 ± 0.050 ± 0.030 


-0.079 ±0.108 ±0.022 


0.004 ± 0.037 




{s + d)7 


New 


-0.11 ± 0.12 ± 0.02 






-0.11 ±0.12 


107 


sU 


-0.22 ± 0.26 


-0.22 ±0.26 ±0.02 






-0.22 ±0.26 


113 


K*U 


New 


0.03 ±0.23 ±0.03 






0.03 ±0.23 



Table 133: CP asymmetries for charmless hadronic neutral B^g decays. Values in red (blue) are new 
published (preliminary) result since PDG2006 [as of April, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR Belle CLEO CDF 


New Avg. 


16 




New 


0.39 ±0.15 ±0.08 


0.39 ±0.17 



7.7 Polarization measurements 



Table 134: Longitudinal polarization fraction fi for 5+ decays. Values in red (blue) are new 
published (preliminary) result since PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


213 




214 




236 




266 




270 





PDG2006 Avg. BABAR Belle New Avg. 

0.96^^5 ± 0.04 0.96t[|;?^ ± 0.05 0.96l[J:?^ 

0.43 ±0.111°:°^ 0.52 ±0.10 ±0.04 0.43 ± 0.11^°;°^ 0.48 ± 0.08 

0.50 ±0.07 0.49 ±0.05 ±0.03 0.52 ± 0.08 ± 0.03 0.50 ± 0.05 

0.96 ±0.06 0.905 ± 0.042+°:°^3 0.95 ± 0.11 ± 0.02 0.912+°;°^^ 

0.88^1]:}^ ± 0.03 0.82 ±0.11 ±0.02 0.82 ± 0.11 



Table 135: Full angular analysis of (j)K*^ . Values in red (blue) are new published 

(preliminary) result since PDG2006 [as of April 15, 2008]. 



Parameter 


PDG2006 Avg. 


BABAR 


Belle 


New Avg. 


/± = 


0.19 ±0.08 ±0.02 


0.21 ±0.05 ±0.02 


0.19 ±0.08 ±0.02 


0.20 ±0.05 


h 


2.10 ±0.28 ±0.04 


2.47 ±0.20 ±0.07 


2.10 ±0.28 ±0.04 


2.34 ±0.17 




2.31 ±0.30 ±0.07 


2.69 ±0.20 ±0.03 


2.31 ±0.30 ±0.07 


2.58 ±0.17 


^CP 


New 


0.17 ±0.11 ±0.02 




0.17±0.11 


^CP 


New 


0.22 ±0.24 ±0.08 




0.22 ±0.25 




New 


0.07 ±0.20 ±0.05 




0.07 ±0.21 




New 


0.19 ±0.20 ±0.07 




0.19 ±0.21 



BR, fi and Acp are tabulated separately. 
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Table 136: Longitudinal polarization fraction fi for decays. Values in red (blue) are new 
published (preliminary) result since PDG2006 [as of April 15, 2008]. 



RPP# 


Mode 


PDG2006 Avg. 


BABAR 


Belle 


New Avg. 


199 
204 

205 
253 
257 


0^2*° (1430) 
p+p- 


New 
0.48 ±0.04 

New 
New 

New 
qfi7+n o22 
u.yD(_o.o27 


0.57 ±0.09 ±0.08 
0.506 ±0.040 ±0.015 
0.85 ±0.07 ±0.04 
0.80t|] }§ ±0.06 

0.70 ±0.14 ±0.05 

0.992 ± 0.024+^ |]?6 


0.45 ±0.05 ±0.02 
0.9411°;°;^^ ± 0.030 


0.57 ±0.12 
0.484 ±0.034 
0.85 ±0.08 
0.801°;}! 
0.70 ±0.15 

n Q7O+0.025 



Table 137: Full angular analysis of —>■ (pK*^. Values in red (blue) are new published 
(preliminary) result since PDG2006 [as of April 15, 2008]. 



Parameter 


PDG2006 Avg. 


BABAR 


Belle 


New Avg. 


/± = 

^CP 
^CP 


0.26 ±0.04 

2 3fi+" i8 

^•'-'"-0.16 

2.49 ±0.18 
0.01 ±0.09 
-0.16±0.15 
0.02 ±0.28 
0.03 ±0.33 


0.227 ±0.038 ±0.013 
2.31 ±0.14 ±0.08 
2.24 ±0.15 ±0.09 
-0.03 ±0.08 ±0.02 
-0.03 ±0.16 ±0.05 
0.24 ±0.14 ±0.08 
0.19 ±0.15 ±0.08 


0.3lt^:;]^ ± 0.02 
2.40t!^-24 ± 0.07 
2.51 ±0.25 ±0.06 
0.13 ±0.12 ±0.04 
-0.20 ±0.18 ±0.04 
-0.32 ±0.27 ±0.07 
-0.30 ±0.25 ±0.06 


0.256 ±0.032 

f, oq+0.14 
^•'-''-'-0.13 

2.33 ±0.14 
0.02 ±0.07 
-0.11 ±0.12 
0.10 ±0.14 
0.04 ±0.14 



BR, fi and Acp are tabulated separately. 



Table 138: Full angular analysis of B^ 07^2(1430)*^. Values in red (blue) are new published 
(preliminary) result since PDG2006 [as of April 15, 2008]. 



Parameter 


PDG2006 Avg. 


BABAR 


Belle New Avg. 


h 


New 
New 
New 


0.045t[J EJi(; ± 0.013 
2.90 ±0.39 ±0.06 
5.7t°:^±0.1 


U.U40_Q Q42 

2.90 ±0.40 

c 7+0.6 
0- '-0.9 



BR, fi and Acp are tabulated separately. 
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8 D decays 



8.1 D^-D^ Mixing and CP Violation 
8.1.1 Introduction 

Mixing in the D^-D ^ system has been searched for for more than two decades without success — 
until last year. Three experiments - Belle [399], Babar [400], and CDF [401] - have now observed 
evidence for this phenomenon. The measurements can be combined with others to yield World 
Average (WA) values for the mixing parameters x = {m^ —m^/V and y = (F^ — ^2)/ (^r) , where 
nil, ^2 F2 are the masses and decay widths for the mass eigenstates = p\D'^) — q\D^) 

and D2 = p|-D°) + q\D^), and F = (F^ + F2)/2. Here we use the phase convention CP\D^) = 
-\D°) and CP\D^) = -\D°). In the absence of CP violation (CPV), p = q = l/\/2 and 
is CP-even, D2 is CP-odd. 

Such WA values are calculated by the Heavy Flavor Averaging Group (HFAG) [402] by per- 
forming a global fit to measured observables for parameters x, y, 5 (the strong phase difference 
between amplitudes A{D° — > K'^n') and A{D^ K~^tt~)), an additional strong phase Sj^^^ 
entering D° ^ K+n-n^ decays, and i?^ = \A{D^ ^ K+n-)/A{W ^ K+7r-)f . For this fit, 
correlations among observables are accounted for by using covariance matrices provided by the 
experimental collaborations. Systematic errors among different experiments are assumed un- 
correlated as, after some study, no significant correlations were identified. The observables used 
are from measurements ofD'^^K+i-u, ^ K+K' /n+n- , D^^K+Tr~, ^ K+Tr~Tr'^, and 
Tr~^7T decays, and from double-tagged branching fractions measured at the i/y'(3770) 
resonance. We have checked this method with a second method that adds together three- 
dimensional log-likelihood functions for x, y, and 5 obtained from various analyses; this com- 
bination accounts for non-Gaussian errors. When both methods are apphed to the same set 
of observables, essentially identical results are obtained. The global fitting method is easily 
expanded to allow for CPV. In this case three additional parameters are included in the fit: 
\q/p\, (j) = Arg(g/p), and A^j = {R~^ — R^)/{R^ + R^), where the -|- (— ) superscript corresponds 
to po) decays. 

Mixing in heavy flavor systems such as those of and is governed by the short-distance 
box diagram. In the system, however, this diagram is doubly- Cabibbo-suppressed relative 
to amplitudes dominating the decay width, and it is also GIM-suppressed. Thus the short- 
distance mixing rate is tiny, and D^-D^ mixing is expected to be dominated by long-distance 
processes. These are difficult to calculate reliably, and theoretical estimates for x and y range 
over two-three orders of magnitude [403-405]. 

With the exception of ■?/'(3770) measurements, all methods identify the flavor of the 

or when produced by reconstructing the decay D*~^ ^ D^tt^ or D*~ ^ D^7r~] the charge 
of the pion identifies the D flavor. For signal decays, Mj^* — M^o — = Q ~ 6 MeV, which 
is close to the threshold; thus analyses typically require that the reconstructed Q be small 
to suppress backgrounds. For time- dependent measurements, the decay time is calculated 
as {d/p) X M^o, where d is the distance between the D* and decay vertices and p is the 
momentum. The D* vertex position is taken to be at the primary vertex [401] {pp) or is 
calculated from the intersection of the momentum vector with the beamspot profile (e"'"e~). 
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HF AG-charm 



Moriond 2008 



E791 1996 



CLEO 2005 



BaBar 2007 



Belle 2008 



World average 



H 



iIiimIiiiiIiiiiIiiiiIiiiiIiiiiIiiiiIi 



0.300 ^ 
V.±±V .Q270 



0.160 ± 0.290 ± 0.290 % 



0.070 „ 
U.UUt .0.060 



0.013 ± 0.022 ± 0.020 % 



0.013 ± 0.027 % 



-0.2-0.1 0.1 0.2 0.3 0.4 0.5 

Rm(%) 



Figure 55: WA value of i?^^ from Ref. [402], as calculated from —^K~^i v measurements 
[406]. 



8.1.2 Input Observables 

The global fit determines central values and errors for eight underlying parameters using a 
statistic constructed from 28 observables. The underlying parameters are x, y, 5, Rjj,Ajj, \q/p\, (/), 
and 5^^^. The parameters x and y govern mixing, and the parameters Ajj, \q/p\, and (p 
govern CPV. The parameter 6j^^^ is the strong phase difference between the amplitudes 
A(D'^^K+n-n^) and A{D°^K+n-n°) evaluated at the point =M^*(89o)- 

All input values are listed in Table 11391 The observable R;^ = {x^ + y'^)/2 measured 
in K+i'u decays [406] is taken to be the WA value [402] calculated by HFAG (see 

Fig. [55]). The observables y^p and Aj. measured in ^ K~ / -k^ n~ decays [399,407-409] 
are also taken to be WA values [402] (see Fig. [56]) . The observables from — > K^-k^-k^ 
decays [410] for no-CPV are HFAG WA values [402], but for the CP\/-allowed case only Belle 
measurements are available. The D*^ —^K^t{~ observables used are from Belle [411], Babar [400], 
and CDF [401] (these measurements have much greater precision than earlier measurements). 
The — >■ K^7T~Tr^ results are from Babar [412], and the ?/'(3770) — > DD results are from 
CLEOc [413]. 

The relationships between the observables and the fitted parameters are listed in Ta- 
ble 11401 For each set of correlated observables, we construct the difference vector V, e.g., for 
Kg7['^7T~ decays V = {Ax, Ay, A\q/p\, A(f)), where A represents the difference between 
the measured value and the fitted parameter value. The contribution of a set of measured 
observables to the overall is calculated as V ■ (M~^) ■ V^, where is the inverse of the 
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covariance matrix for the measurement. All covariance matrices used are listed in Table [1221 



8.1.3 Fit results 

The global fit uses MINUIT with the MIGRAD minimizer, and all errors are obtained from 
MINOS [414]. Three separate fits are performed: (a) assuming CP conservation {Aj^ and 
are fixed to zero, \q/p\ is fixed to one); (b) assuming no direct CPV (A^ is fixed to zero); and 
(c) allowing full CPV (all parameters floated). The results are listed in Table U^U For the 
CPV^-allowed fit, individual contributions to the are listed in Table 11421 The total is 
23.5 for 28 — 8 = 20 degrees of freedom; this corresponds to a confidence level of 0.26, which is 
satisfactory. 

Confidence contours in the two dimensions {x, y) or in 0) are obtained by letting, for 

any point in the two-dimensional plane, all other fitted parameters take their preferred values. 
The resulting la-Scr contours are shown in Fig. [ST] for the CP-conserving case, and in Fig. [SH] 
for the CP V-allowed case. The contours are determined from the increase of the above the 
minimum value. One observes that the {x,y) contours for the no-CPV^ fit are almost identical 
to those for the CPV^-allowed fit. In both cases the x^ at the no-mixing point (x, ?/) = (0,0) 
is 91 units above the minimum value; for two degrees of freedom this has a confidence level 
corresponding to 9.2(T. Thus, no mixing is excluded at this high level. In the (Ig/pl,^) plot, 
the point (1, 0) is within the la contour; thus the data is consistent with CP conservation. 

One-dimensional confidence curves for individual parameters are obtained by letting, for any 
value of the parameter, all other fitted parameters take their preferred values. The resulting 
functions Ax^ = ~ Xmin (Xmin is the minimum value) are shown in Fig. [SS The points 
where A^^ = 3.84 determine 95% CL. intervals for the parameters; these intervals are listed 
in Table [TiTl 

8.1.4 Conclusions 

From the fit results listed in Table [T3T] and shown in Figs. [58] and [591 we conclude the following: 

• the experimental data consistently indicate that mesons undergo mixing. The no- 
mixing point X = ?/ = is excluded at 9.2(t. The parameter x differs from zero by 3.0(T, 
and y differs from zero by 4. Oct. This mixing is presumably dominated by long-distance 
processes, which are difficult to calculate. Thus it may be difficult to identify new physics 
from mixing alone (unless |x| ^ \y\ - see Ref. [403]). 

• Since yQY> is positive, the CP-even state is shorter-lived, as in the K^-K^ system. How- 
ever, since x also appears to be positive, the CP-even state is heavier, unlike in the 
K^-'K^ system. 

• It appears difficult to accomodate a strong phase difference 5 larger than 45°. 

• There is no evidence yet for CPV in the D^-D^ system. Observing CPV at the current 
level of sensitivity would indicate new physics. 
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Hf AG-Charm 



Beijing 2007 



E791 1999 



FOCUS 2000 



CLEO 2002 



BeUe 2002 



BeUe 2007 



BaBar 2007 



World average 



I 



liiiiliinliiiiliiiiliiiiliiiiliMiliiiiliiiil 



0.732 ±2.890 ±1.030 % 



3.420 ± 1.390 ± 0.740 % 



-1.200 ± 2.500 ± 1.400 % 



-0.500 ± 1.000 ± 0.800 % 



1.310 ± 0.320 ± 0.250 % 



1.030 ± 0.330 ± 0.190 % 



1.132 ± 0.266 



-4 -3 -2 -1 1 2 3 4 5 



ycp(%) 



H FAG -charm 



Lepton-Photon 2007 



I ' ' ' I ' ' ' I 



Belle 2007 



BaBar 2007 



World average 



I I I I I I I I I I I I I I I I I I 
-0.2 0.2 0.4 0.6 

A.(%) 



0.010 ± 0.300 ± 0.150 % 



0.260 ± 0.360 ± 0.080 % 



0.123 ± 0.248 % 



Figure 56: WA values of y^p (top) and A-p (bottom) from Ref. [402], as calculated from 
D^^-^K+K-fn+TT- measurements [399,407-409]. 
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Table 139: Observables used for the global fit, from Refs. [399-401,406-413]. 



Mode 


Observable 


Values 


Correlation coefficients 




Vcp 


(1.132 ±0.266)% 




TT+TT- [402] 


At 


(0.123 ±0.248)% 




D^^K^S TT+TT- [402] 

(No CPV or 
no direct CPV) 


X 

y 

\q/p\ 
<i> 


(0.811 ± 0.334)% 
(0.309 ±0.281)% 
0.95 ± 0.22l°:J° 
(-0.035 ± 0.19 ± 0.09) rad 





D°^K%TT+TT- [402] 

(CPy-allowed) 



X (0.81 ± QMZl,i=i)% 

y (0.37 ±0.2510:1°)% 

\q/p\ 0.86±0.30t°;;° 

(-0.244 ± 0.31 ± 0.09) rad 



1 -0.007 -0.255a 0.216 

-0.007 1 -0.019a -0.280 

-0.255a -0.019a 1 -0.128a 

0.216 -0.280 -0.128a 1 
(a = {\q/p\ + 1)^^/2 is a transformation factor) 



D'^^K+i-v [402] 


Rm 


(0.0173 ± 0.0387)% 












x" 

is" 


(2.39 ±0.61 ±0.32)% 

(-0.14 ±0. GO ±0. 40)% 




-0.34 










(0.199 ±0.173 ±0.0)% 


1 


-0.0644 0.0072 


0.0607 






y 


(-5.207 ±5.571 ±2.737)% 


-0.0644 


1 -0.3172 


-0.8331 


> 


(CLEOc) 




(-2.395 ± 1.739 ± 0.938)% 


0.0072 


-0.3172 1 


0.3893 






Rj-) cos 5 


(8.878 ± 3.369 ± 1.579)% 


0.0607 


-0.8331 0.3893 


1 





D°^K+TT- 

(Babar) 


Rd 
x'^+ 


(0.303 ±0.0189)% 
(-0.024 ±0.052)% 


< 


1 

0.77 


0.77 
1 


-0.87 
-0.94 


> 


y'+ 


(0.98 ± 0.78)% 




-0.87 


-0.94 


1 





D^^K-TT+ 
(Babar) 


An 

y'- 


(-2.1 ± 5.4)% 

(-0.020 ±0.050)% 
(0.96 ±0.75)% 


same as above 


(Belle) 


Rn 
x'^+ 


(0.364 ±0.018)% 
(0.032 ± 0.037)% 


1 0.655 -0.834 
0.655 1 -0.909 


> 


y'+ 


(-0.12 ±0.58)% 


-0.834 -0.909 1 




'D'^^K-TT+ 

(Belle) 


An 

y'- 


(2.3 ± 4.7)% 
(0.006 ± 0.034)% 
(0.20 ± 0.54)% 


same as above 


D^^K+TT- 




(0.304 ± 0.055)% 


1 0.923 -0.971 




± c.c. 




(-0.012 ± 0.035)% 


0.923 1 -0.984 


1 


(CDF) 


y' 


(0.85 ± 0.76)% 


-0.971 -0.984 1 
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Table 140: Left: decay modes used to determine fitted parameters x, S, 5^^^, Rjj, Aj^, \q/p\, 
and (p. Middle: the observables measured for each decay mode. Right: the relationships between 
the observables measured and the fitted parameters. 



Decay Mode 


Observables 


Relationship 


■r~\n r^_L -r ^ 1 _1_ 


Vcp 


'^ycp = i\l/p\ + \p/Q\)ycos(t) - {\q/p\-\p/q\)x sin <p 
2Aj, = {\q/p\-\p/q\)ycos(l) - {\q/p\ + \p/q\) x sin (/) 




X 

y 
\q/p\ 
4> 




D°^K+l-v 


Rm 


RM = {^'+y')/'2 




x" 


x" = xcos5ji^^ + ysin5ji^^ 


(Dalitz plot analysis) 


y" 


y" =ycos5j^^^-xsin6i^^^ 




Rm 




"Double-tagged" branching fractions 
measured in ijj{3770)-^ DD decays 


y 

Rd 
sj Rjj cos 6 


R^ = {x^+y^)/2 






R^ = {R++R^)/2 






^D = (Rd ^ Rd)/ (Rd + Rd) 




Rd' Rd 
x'^+, x'^' 

y'- 


x' = X cos 5 + ysin6 

y' = y cos S ~ X sin S 
A^^i\q/p\*-l)/i\q/p\^ + l) 
x'± = [(l±A^)/(lT^M)]'/'(^'cos(/)±y'sin0) 
y'± = [(1 ± A^)/{1 T Aj^)]^/\y' cos <Ptx' sin<^) 



Table 141: Results of the global fit for different assumptions concerning CPV. 



Parameter 


No CPV 


No direct CPV 


CPV-allowed 


CPF-allowed 95% C.L. 


X (%) 


U-yJ^ -0.26 


0-89 t'oi^ 


0.89 J? 


[0.34, 1.39] 


y (%) 


0.73 ±0.18 


0.76 ± 0.18 




[0.39, 1.09] 


sn 


20.6tl^:l 


99 7+11.4 
' -12.3 


zi.y _i2A 


[-5.7, 44.3] 


Rd (%) 


0.3342 ± 0.0084 


0.3343 ± 0.0085 


0.3348 ± 0.0086 


[0.318, 0.352] 


Ad (%) 






-2.0 ±2.4 


[-6.7, 2.7] 






0.95l°:ll 


0.87 t^il 


[0.59, 1.24] 






7 +5.6 
^- ' -5.8 


-9.1 


[-24.7, 7.0] 




oi r+25.8 
<JJ^-J -26.6 


oo 4+25.8 
"5 -5-* -26.5 


33.0 1^6^ 


[-21.2, 85.0] 
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Figure 57: Two-dimensional contours for mixing parameters {x,y), for no CPV. 
Table 142: Individual contributions to the for the CPV-allowed fit. 



Observable 


Ex' 


Vcp 


2.32 2.32 
0.12 2.44 


yK°iT+Tr- 


0.06 2.49 
1.68 4.18 
0.00 4.18 
0.47 4.64 


RM{K+t-v) 


0.05 4.70 




1.73 6.43 
1.52 7.95 


Rm/v/Rd/ COS S (CLEOc) 


5.60 13.55 


R+/x'^+/y'+ (Babar) 
R-^/x'"^- /y'- (Babar) 
R+/x'^+lv'+ (Belle) 
Rd/x'^-Iv'- (Belle) 
Rn/x'Vv' (CDF) 


2.59 16.14 
1.79 17.93 
3.84 21.77 
1.22 22.99 
0.54 23.53 
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Figure 58: Two-dimensional contours for parameters {x,y) (top) and {\q/p\,(p) (bottom), al- 
lowing for CPV. 
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Figure 59: The function A^^ = ~ xLin fitted parameters x, y, S, Sj^^^, \q/p\, and 0. 
The points where Ax^ = 3.84 (denoted by the dashed horizontal fine) determine a 95% CL. 
interval. 
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8.2 Excited Mesons 



Tables I143H145] represent a summary of recent results with an emphasis on information not 
provided in Ref. [3]. For a complete list of related publications, see Ref. [3]. All upper limits 
(U.L.) correspond to 90% confidence (CL.) unless otherwise noted. The significances listed 
are approximate; they are calculated as either a/— 2 A log £ or a/Ax^, where A represents the 
change in the corresponding minimized function between two hypotheses, e.g., those for different 
spin states. 

The broad charged = 1+ cd state is denoted il'i(2430)"'", although it has not yet been 
observed. The masses of narrow states Di(2420)^, ^1(2420)°, £'^(2460)°, L'*(2460)^ and 
D*o{2317)^, ^,1(2460)^, D,i(2536)^, D,2(2573)^ are well-measured, and thus only their aver- 
ages are given [3]. The first observations of D,i(2460)^ and D*q{2317)^ states are described in 
Refs. [415] and [416], respectively. 

The masses and widths of narrow (F ~ 20-40 MeV) orbitally excited D mesons (denoted 
D**), both neutral and charged, are well established. Measurements of broad states (F ~ 200- 
400 MeV) are less abundant, as identifying the signal is more challenging. There is a slight 
discrepancy between the Dq(2400)° masses measured by the Belle [417] and FOCUS [418] 
experiments. No data exists yet for the Di(2430)^ state. Dalitz plot analyses of i? — > D^*^7n[ 
decays strongly favor the assignments 0"*" and 1"*" for the spin-parity quantum numbers of the 

(2400) °/Do (2400)=^ and Di(2430)° states, respectively. The measured masses and widths, 
as well as the values, are in agreement with theoretical predictions based on potential 
models [419]. While the branching fractions for B mesons decaying to a narrow D** state and 
a pion are similar for charged and neutral B initial states, the branching fractions to a broad 
D** state and vr^ are much larger for B~^ than for B^. This may be due to the fact that 
color-suppressed amphtudes contribute only to the B~^ decay and not to the B^ decay (for a 
theoretical discussion, see Ref. [420]). 

The discoveries of the D*q(2317)^ and 1^51(2460)^ have triggered increased interest in prop- 
erties of, and searches for, excited Dg mesons (here generically denoted D**). While the masses 
and widths of Dsi{2536)^ and Ds2(2573)^ states are in relatively good agreement with po- 
tential model predictions, the masses of L'*o(2317)± and D,i(2460)± states (and consequently 
their widths, less than around 5 MeV) are significantly lower than expected (see Ref. [421] 
for a discussion of cs models). Moreover, the mass splitting between these two states greatly 
exceeds that between the Dsi(2536)^ and -0^2(2573)^. These unexpected properties have led 
to interpretations of the L'*q(2317)^ and i5si(2460)^ as exotic four-quark states. 

While there are few measurements with respect to the values of Z?*o(2317)^ and D5i(2460)^, 
the available data favors O"*" and l"*", respectively. A molecule-like (DK) interpretation of the 
D*q(2317)^ and Dsi{2A60)^ [422] that can account for their low masses and isospin-breaking de- 
cay modes is tested by searching for charged and neutral isospin partners of these states; thus far 
such searches have yielded negative results. Hence the subset of models that predict equal pro- 
duction rates for different charged states is nominally excluded. The molecular picture can also 
be tested by measuring the rates for the radiative processes D*q(2317)^/Dsi(2460)^ — > Di*^^ 
and comparing to theoretical predictions. The predicted rates, however, are below the sensi- 
tivity of current experiments. Another model successful in explaining the total widths and the 
D*q(2317)^-Z)5i(2460)^ mass splitting is based on the assumption that these states are chiral 
partners of the ground states D'^ and D*^ [423]. While some measured branching fraction 
ratios agree with predicted values, further experimental tests with better sensitivity are needed 
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to confirm or refute this scenario. 

In addition to the Z^*o(2317)^ and Dsi{2460)^ states, other excited Dg states may have 
been observed. SELEX has reported a Dsj{2632)'^ candidate, but this has not been confirmed 
by other experiments. Recently, Belle and BaBar have observed Dsj(2700)='= and Dsj{2860)^ 
states, which may be radial excitations of the D*"^ and D*q(2317)='=, respectively. However, the 
Dsj(2860)^ has been searched for in B decays and not observed, which may indicate that this 
state has higher spin. 
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Tahle 113: Recent results for ]:)ro]:)erties of D** mesons. 



Main results 


Reference 


Comments 


Masses 
[MeV/c% 
widths 
[MeV] 


M(L»^(2460)'^) : 2461.1 ± 1.6; T{D^{2A60y') : 43±4 
M(£)^(2460)=t) : 2459 ± 4; r(£)|(2460)±) : 29±5 
M(Di(2420)") : 2422.3 ± 1.3; r(Di(2420)°) : 20.4 ± 1.7 
M(L>i(2420)±) : 2423.4 ± 3.1; r(Lii(2420)±) : 25 ± 6 


f3l 
L'-'J 


PT^Ct average 


M(£)^(2400)") : 2308 ± 17± 15 ± 28 

rf f2400')°'l ■ 276 ± 21 ± 1 8 ± 60 
r(D2(2460)°) : 45.6 ± 4.4 ± 6.5 ± 1.6 
rr_Di (2i2n\°\ •23 7±27±02±40 

M{Di (2430)") : 2427 ± 26 ± 20 ± 15 

r(Di(2430)") : 384 ± IP^ ± 24 ± 70 


[417] 


last error due 
to Dalitz model 


T(D:;,[2m)) ' ) : 49.7 ±3.8 ±4.1 ±4.9 


[424J 


r(i:>|(2460)") : 38.7 ± 5.3 ± 2.9 
r(Li|(2460)±) : 34.1 ± 6.5 ± 4.2 
M(£)^(2400)°/Z)i(2430)°) : 2407 ± 21 ± 35 

r(L)^(2400)7Di(2430)°) : 240 ± 55 ± 59 
M(L>5(2400)±/i:»i(2430)±) : 2403 ± 14 ± 35 
r(£)S(2400)=^/L'i(2430)=^) : 283 ±24 ±34 


[418] 




£>S(2400)"/£)i(2430)^ and 

£)S(2400)±/I?i(2430)± may 
contribute to signal 


T(D* r946n'l'^'l ■ 49 2 ± 2 3 ± 1 2 
r(£)i(2420)°) : 20.0 ± 1.7 ± 1.3 


[425] 




Branching 

fractions 
[10-4] 


B- 1)5(2400)%-, 
£)5(2400)° D+TT- : 6.1 ± 0.6 ± 0.9 ± 1.6 

B- D^(2460)°7r-, 
£)5(2460)° D+n- : 3.4 ± 0.3 ± 0.6 ± 0.4 

B- r>i(2420)°7r-, 
i?i(2420)° D*+7T' : 6.8 ± 0.7 ± 1.3 ± 0.3 

B- £)|(2460)°7r-, 
£>^(2460)° D*+'K- : 1.8 ± 0.3 ± 0.3 ± 0.2 

B- -» £»i(2430)°7r- 
£>i(2430)° ^ D*+Tv- : 5.0 ± 0.4 ± 1.0 ± 0.4 


[417] 




b" D^{2A60)+TT-, 
L>^(2460)+ ^ L>°7r+ : 2.15 ± 0.17 ± 0.29 ± 0.12 

S° ^ £)2(2400)+7r- 
£)2(2400)+ D°-K+ : 0.60 ± 0.13 ± 0.15 ± 0.22 


[424] 


last error due 
to Dalitz model; 

M(DS(2400)±) = M(LI2 (2400)0), 
r(£)5(2400)±) = r(£)S(2400)°) 
assumed 


B- £)i(2420)%-, 
£)i(2420)° ^ £>°7r+7r- : 1.85 ± 0.29 ± 0.35 ± 

B° Di(2420)+7r-, 
L>i(2420)+ ^ D+n+TT- : 0.89 ± 0.15 ± 0.17 ± 


[426] 


last error due to 
possible £)|(2460)°, 
£>^(2460)± contr. 


Quantum 

numbers 

(JO 


£>S(2400)" : 0+ 
Di(2430)° : 1+ 
£)2(2400)± : 0+ 


[417] 


0+ preferred over 1-, 2+ 

with sign. > lOo" 


1+ preferred over 0-, \~ , 2+ 
with sign. > IOct 


[424] 


0+ preferred over 1-, 2+ 
with sign. ~ 5fT 
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Table 144: Recent results for masses and branching fractions of excited Dg mesons. 



Main results 



M(£)*o(2317)=^) : 2317.8 ± 0.6 
M{D,i (2460)±) : 2459.6 ± 0.6 
M(£)si(2536)±) : 2535.24 ±0.29 
M(£)s2(2573)±) : 2572.6 ± 0.9 



Reference 



Comments 



PDG average 



r(D:o(2317)*) 
r(D,i(2460)±) 



r(i):o(2317)-) 

r(d(2460)±) 



< 4.6 

< 5.5 



"[427r 



< 3.8 

< 3.5 



"[428]" 



95% C.L. U.L. 



M(£>sj(2700)=^) :2708±9± r{Dsj{2700)^) : 108 ± 23 ± 



[429] 



M(£)sj(2860)=^) : 2856.6 ± 1.5 ± 5.0; r(£>sj(2860)=^) : 48 ± 7 ±10 



[430] 



M(£)sj(2632)±) : 2632.5 ± 1.7; r(£>^j(2632)±) :< 17 



^ £)-D,o(2317)+, £1,0(2317)+ - 

^ D-i:',i(2460)+,i?,i(2460)+ - 
B° £>-£)si(2460)+,L»si(2460)+ 



* D+TT^ : 8.6 ± ± 2.6 
D+7 : 8.2±^;^ ±2.5 



not seen by other exp's; 
sys. err. not given 



2,£ 

22.7 ± Ti ±6.8 



[432] 



further br. frac. for 
in paper 



^ £>-£),o(2317)+,£'«o(2317)+ - 
5° ^ Z)-D^i(2460)+,i:>^i(2460)+ ^ 
B° (2460)+, r>si (2460)+ 



Z?*+7r0 
--D+7 



18 ± 4 ± 3 ±y^ 

28 ± 8 ± 5 ± g 
8±2± 1± ^ 



[433] 



-B(D.,l(2460)^^D + 7) 
B(Dei(2460)±^D;=t7r") " 
g(Dai(2460)^^D,+ 7r+7r~) 
B(Dei(2460)±^n;*7r") 



further br. frac. for 
B°, B+ in paper; 

last error 
from B(D,D+) 



: 0.55 ±0.13 ±0.08 
= 0.14 ±0.04 ±0.02 



[427] 



<T(£>.i(2536)±)B(D3i(2536)±^D + 7r+7r-) _ nc; + fl "^9 + fl flfi 
<t(D.i(2460)±)B(D.i(2460)±^D + ^+^-) ~ "-^^^ 



B ^ D:o(2317)^i^+, i?:o(2317)^ ^ £>+7r^ : 
0.53 ± I'll ±0.07 ±0.14 
£)si(2460)+ii'+, L»si(2460)+ ^ Df-f : < 0.094 



"[434]" 



last error due 
to B{D+) 



(7(D3i(2460)±)g(D3ij:2460)±^r':±7r°) ^ ^ _^ q q _^ q ^) . 10-2 



[416] 



B(D3i(2536) = 



g(g3i(2536) 



±^D*±K<^) ^ = (3-27 ± 0.18 ± 0.37)% 



B i:>si(2536)±D+ : 1.71 ± 0.48 ± 0.32 
B £)si(2536)+£)*+ : 3.32 ± 0.88 ± 0.66 
B+ D,i(2536)+D° : 2.16 ± 0.52 ± 0.45 

B- — A,i(2.53G)"I?''" : o.4()± 1.17 ± 1.04 



[435] 
l436r 



£>,i(2536)+ ^ D*"K+ used; 
br. frac. with 

Asi(2536)+ ^ D*+K^ 

ill i)a|)('r 



B(£'3i(2536) + ^J3* + jf°) IC U.ZO 



[437] 



B+ ^ Dsj{2700)+D ,A,j(2700)- 



_B(D3i(2460p 



D"if+ : 11.3 ± 2.2 ± li 



[429] 



B(Dsi(2460)±^r>+7rO7) 
_B(D3i(2460)^-»-D + 7r+7r~) 
B(£)si(2460)±^£'+7r»7) 



= 0.337 ± 0.036 ± 0.038 



[428] 



95% C.L. U.L. 



0.077 ±0.013 ±0.008 



S(L»,i(2460)± ^ i'^^TT^) = (56 ± 13 ± 9)% 
■B(D,i(2460)+ ^ D+7) = (16±4±3)% 



[438] 



B (Ds J (2632) + ^D+ri) 



0.14 ±0.06 



[431] 



not seen by other exp's; 
sys. err. not given 
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Table 145: Recent results for quantum numbers of excited Dg mesons. 



Main results 


Reference 


Comments 


Quantum 
numbers 


.Ai=2(-Dsi(2536)^^n'='Ks) 
^t=o(-Dei(2536)±^n*±Ks) ^ 

= (0.63 ± 0.07 ± Qm)Exp[±i{Q.n ± 0.03 ± 0.01)] 


[434] 


D-/S-wave amp. ratio 


(J^) 


Z?,*o(2317)± :0+,l-,2+,... 


[415] 


natural based 

on conserv. 




D,i(2536)^ : l^,!" 


[436] 


1~ preferred over 2"*" 
with sign. ^ 4ct; 

1"*" preferred over 2~ 
with sign. ~ 3cr; 




i?,j(2700)^ : 1- 


[429] 


1^ preferred over 0"'",2+ 
with sign. > lOcr 




I?,j(2860)± :0+,l-,2+,... 


[430] 


natural based 
on conserv. 




£)si(2460)=^ : 1+ 


[432] 


1"*" preferred over 2~ 
with sign. 6cr 




£)si(2460)=^ : J^O 


[428] 


0~ disfavored with 
sign. ~ 5cr ; 

assuming decay 
i:»si(2460)± ^ £);±7r° 
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8.3 Semileptonic Decays 



8.3.1 Introduction 

Semileptonic decays of D mesons involve the interaction of a leptonic current with a hadronic 
current. The latter is nonperturbative and cannot be calculated from first principles; thus it is 
usually parameterized in terms of form factors. The transition matrix element is written 

M = -t^V^^L^H,, (160) 

where Gi;' is the Fermi constant and V^^ is a CKM matrix element. The leptonic current 
is evaluated directly from the lepton spinors and has a simple structure; this allows one to 
extract information about the form factors (in H^) from data on semileptonic decays [439]. 
Conversely, because there are no final-state interactions between the leptonic and hadronic 
systems, semileptonic decays for which the form factors can be calculated allow one to deter- 
mine V [440]. 



8.3.2 D^PEu Decays 

When the final state hadron is a pseudoscalar, the hadronic current is given by 



H, = {P{p)\qrc\D{p')) = U{q') 



q^ 



+ /o(g^) ^^/M ^6i) 



where Md and p' are the mass and four momentum of the parent D meson, mp and p are those 
of the daughter meson, f+{q^) and fo{q^) are form factors, and q = p' — p. Kinematics require 
that /+(0) = /o(0). The contraction g'^L^ results in terms proportional to [441], and thus 
for i = e, fi the last two terms in Eq. fll6ip are negligible. Thus, only the f+iq^) form factor is 
relevant. The differential partial width is 



dq"^ d cos 9i 327r 



f'\U{q')?sir.el, (162) 



where p* is the magnitude of the momentum of the final state hadron in the D rest frame. 

The form factor is traditionally parametrized with an explicit pole and a sum of effective 
poles: 



1 — a \ 1 — a /'mf„i„ / I — q \lkmi,„) 



where pk and 7^ are expansion parameters. The parameter mpoie is the mass of the lowest-lying 
cq resonance with the appropriate quantum numbers; this is expected to provide the largest 
contribution to the form factor for the c — > g transition. For example, for D ^ tt transitions 
the dominant resonance is expected to be D*, and thus frip^Y^ = rrij^*. 



8.3.3 Simple Pole 

Equation ( 1163^ can be simplified by neglecting the sum over effective poles, leaving only the 
explicit vector meson pole. This approximation is referred to as "nearest pole dominance" or 
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"vector-meson dominance." The resulting parameterization is 



However, values of mpoie that give a good fit to the data do not agree with the expected vector 
meson masses [443]. To address this problem, the "modified pole" or Becirevic-Kaidalov (BK) 
parameterization [444] was introduced. This parametrization assumes that gluon hard-scattering 
contributions (S) are near zero, and scaling violations (/?) are near unity [443]: 



1 + 1 (J- d = — — — 

/+(0) dq^ 

The parameterization takes the form 



(165) 



To be consistent with 1 + 1//? — (5~ 2, the parameter should be near the value 1.75. 

This parameterization has been used by several experiments to determine form factor pa- 
rameters. Measured values of m^^i^ and 

^BK ^-^^ 

listed Tables EM and [HT] for D Kdv 
and D Triu decays, respectively. Both tables show to be substantially lower than the 
expected value of ~ 1.75. 

Table 146: Results for mpoie and obk from various experiments for K^l^v and — > 

Ks^^v decays. The last entry is a lattice QCD prediction. 



D Klv Expt. Ref. mpoie (GeV/c^) a 



BK 



CLEO III 




[445] 


1.89 ±0.05+^:^1 


0.36 ±0.10+^;^? 


FOCUS 




[446] 


1.93 ±0.05 ±0.03 


0.28 ±0.08 ±0.07 


BELLE 




[447] 


1.82 ±0.04 ±0.03 


0.52 ±0.08 ±0.06 


BaBar 




[448] 


1.884 ±0.012 ±0.016 


0.377 ±0.023 ±0.031 


CLEO-c (DO ^ 


K+) 


[449] 


IMSto fi ± 0.011 


0.258tJ]:[!i ± 0.020 


CLEO-c ^ 


K+) 


[450] 


1.97 ±0.03 ±0.01 


0.21 ±0.05 ±0.03 


CLEO-c Id+ ^ 


Ks) 


[449] 


2.02+°:°^ ± 0.02 


0.127^2;?^^ ± 0.031 


CLEO-c (D+ ^ 


Ks) 


[450] 


1.96 ±0.04 ±0.02 


0.22 ±0.08 ±0.03 


Fermilab lattice/MILC/HPQCD 


[451] 




0.50 ±0.04 



8.3.4 z Expansion 

Several groups have advocated an alternative series expansion around some value = to to 
parameterize /_,_ [439,442,452,453]. This expansion is given in terms of a complex parameter 
z, which is the analytic continuation of into the complex plane: 



z{q M = -j==——==, (167) 
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Table 147: Results for mpoie and obk from various experiments for — >■ tt £'^i> and D 
TT^i^u decays. The last entry is a lattice QCD prediction. 



D ^ 7r£z/ Expt. Ref. mpoic (GeV/c^) obk 



CLEO III 




[445] 


1 of^+U.iU+U.UY 

-L-ou-o.oe-o.os 


0.37l|]:^^±0.15 


FOCUS 




[446] 


1.91+0:^0 ±0.07 




BELLE 




[447] 


1.97 ±0.08 ±0.04 


0.10 ±0.21 ±0.10 


CLEO-c (DO ^ 


7r+) 


[449] 


1. 94110;°^^ ± 0.009 


0.20t|]:J? ± 0.03 


CLEO-c (DO ^ 


7r+) 


[450] 


1.87 ±0.03 ±0.01 


0.37 ±0.08 ±0.03 


CLEO-c {D+ - 


.vrO) 


[449] 


1.99l[!:J^±0.06 


0.05l|J:^^ ± 0.13 


CLEO-c (D+ - 


. ttO) 


[450] 


1.97 ±0.07 ±0.02 


0.14 ±0.16 ±0.04 


Fermilab lattice/MILC/HPQCD 


[451] 




0.44 ±0.04 



where t± = {M£,±mhY ^"^(^ to is the (arbitrary) value corresponding to 2; = 0. The physical 
region corresponds to < 1. 

The form factor is expressed as 

^ 00 

U{q') = ]S(^5y^(^E«^(^o)[^(g^to)]\ (168) 

where the P{q^) factor accommodates sub-threshold resonances via 

. 9x fl (D ^ tt) , ^ 

[z{q\Ml,) (D^K). 

The "outer" function (j){t,to) can be any analytic function, but a preferred choice (see, e.g. 
Refs. [442,452,454]) obtained from the Operator Product Expansion (OPE) is 

0(g^to) = a [VU -<f + \/U - to) X 



(170) 



with a = y^vrmfTS- The OPE analysis provides a constraint upon the expansion coefficients, 
Y2k=o^k — 1- These coefficients receive 1/M corrections, and thus the constraint is only ap- 
proximate. However, the expansion is expected to converge rapidly since < 0.051 (0.17) for 
D^K {D ^n) over the entire physical range, and Eq. (11681) remains a useful parameteri- 
zation. 

The z-expansion formalism has been used by BaBar [448] and CLEO-c [450]. Their fits 
used the first three terms of the expansion, and the results for the ratios ri = ai/ao and 
r2 = (22/^0 are listed in Table [HHl The CLEO III [445] results listed are obtained by refitting 
their data using the full covariance matrix. The BaBar correlation coefficient listed is obtained 
by refitting their published branching fraction using their published covariance matrix. These 
measurements correspond to using the standard outer function 0(g^,to) of Eq. (11701) and to = 
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t+ ^1 — a/1 — t^/t^j . This choice of tg constrains \z\ to be below a maximum value within the 
physical region. 

Table 148: Results for ri and r2 from various experiments, for D —>■ irKiu. The correlation 
coefficient listed is for the total uncertainties (statistical © systematic) on and rg. 



Expt. 


mo 


de 


Ref. 


ri 


r2 


P 


CLEO III 


D'- 


^K^ 


[445] 




_oq+iU4 


-0.99 


BaBar 






[448] 


-2.5 ±0.2 ±0.2 


0.6 ±6. ±5. 


-0.64 


CLEO-c 






[450] 


-2.4 ±0.4 ±0.1 


21 ±11 ±2 


-0.81 


Average 








-2.3 ±0.23 


5.9 ±6.3 


-0.74 


CLEO-c 


D+ - 


-Ks 


[450] 


-2.8 ±6 ±2 


32± 18±4 


-0.84 


CLEO-c 






[450] 


-2.1 ± 7±3 


-1.2 ±4.8 ± 1.7 


-0.96 


CLEO-c 


D+ - 




[450] 


-0.2 ± 1.5 ±4 


-9.8 ±9.1 ±2.1 


-0.97 



Table fT48l also lists average values for ri and r2 obtained from a simultaneous fit to CLEO III, 
BaBar, and CLEO-c branching fraction measurements. To account for final-state radiation in 
the BaBar measurement, we allow a bias shift between the fit parameters for the BaBar data 
and those for the other measurements (a penalty is added to the fit for any deviation 
from BaBar's central value). Table [T^ shows satisfactory agreement between the parameters 
measured for and decays. 



8.3.5 D^Vii^ Decays 

When the final state hadron is a vector meson, the decay can proceed through both vector and 
axial vector 
where [441] 

V, = {V{p,e)\qrc\Dip')) 



axial vector currents, and four form factors are needed. The hadronic current is = ^ ± 



Md + rrih 



'/lupcr 



(171) 



A, 



{V{p,e)\-qri'c\Dip')) = -z(M^±m^)Ai(g2)£; 



± ^ 



Md + rrih 
2mh 



q){p' + p)^ 



+ I 



q^ 



{A,{q')-A,{q^))[e*-{p'+p)]q,.{n2) 



In this expression, rrih is the daughter meson mass and 



A,{q' 



Md + ruh 



Aiiq' 



Md - ruh 



A2iq') . 



2mh 2mh 
Kinematics require that ^3(0) = Aq{0). The differential partial width is 
dT{D VtUi) 



(173) 



dq^ d cos 9^ 



p2 IT/ 12 

I ^ cq\ * 2 ^ 

128vr3M2 ^ ^ ^ 



cos6'/> 



l^-r ± 



\E^f ± sin^^^li/ol 



;i74) 
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where and are helicity amplitudes given by 

1 



H4 



Ho 



Md + rrih 
1 



(175) 



Ml 



\q\ 2mh{MD + mh) 



(176) 



The left-handed nature of the quark current manifests itself as \H^\ > \H^\. The differential 
decay rate for D Viu followed by the vector meson decaying into two pseudoscalars is 

dT{D^Viiy,V^PiP2) 3G? 



dq'^d cos 9vd cos 9edx 



\V.J^'-M}^BiV ^ P.P.) X 



Ml 



20487r4' 

{(l + cos^^)2sin2 ev\H4q^)\^ 
+ (1 -cos^,)2sin2^y|if_(g2)|2 

+ 4sin2e^cos2^v|i^o(g^)r 
+ 4 sin 6*^(1 + cos6'£) sin6'y cosOy cos xH+{q'^)Ho{q'^) 
— 4 sin 6*^(1 — cos^^) sin6'v cos6'v' cos xH^{q'^)HQ{q^) 
- 2sm^ eisin^ Ov cos2xH+{q^)H^{q^)} , (177) 

where the angles 9^, 9y, and x are defined in Fig. | 





K 1 







X 



Figure 60: Decay angles Oy, Oe and x- Note that the angle x between the decay planes is 
defined in the D-meson reference frame, whereas the angles By and are defined in the V 
meson and W reference frames, respectively. 

Assuming that the simple pole form of Eq. (11641) describes the g^-dependence of the form 
factors, the distribution of Eq. fll77p will depend only on the parameters 

rv = V{0)/A,{0), ^ ^2(0)^1(0) . (178) 

Table 11491 lists measurements of ry and from several experiments. The average results from 
^ K i^u decays are also given. The measurements are plotted in Figs. [61] and [621 which 
show that the measurements are consistent with one another. 
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Figure 62: A comparison of r2 values from various experiments. The first set of measurements 
are for K~tt^1^vi decays. Plotted next is the average of these measurements, followed 

by measurements in decays, decays and Cabibbo-suppressed D decays. 



8.3.6 5- Wave Component 

In 2002 FOCUS reported [465] an asymmetry in the observed co^{9v) distribution. This is 
interpreted as evidence for an S'-wave component in the decay amplitude as follows. Since Hq 
typically dominates over the distribution given by Eq. (11771) is, after integration over x, 
roughly proportional to cos^6'v. Inclusion of a constant S'-wave amplitude of the form Ae^^ 
leads to an interference term proportional to \AHQsm9icos9v\'-, this term causes an asymmetry 
in cos(^v). When FOCUS fits their data including this S'-wave amplitude, they obtain A = 
0.330 ± 0.022 ± 0.015 GeV-^ and 6 = 0.68 ± 0.07 ± 0.05 [461]. 

8.3.7 Model-independent Form Factor Measurement 

The CLEO-c collaboration has recently extracted model-independent form factors, i.e., H_^_, 
H_, and Hq directly as functions of [466]. The results are plotted in Fig. [031 The figure 
shows that H^lq'^) dominates, especially at low g^. CLEO-c also determined the S'-wave form 
factor hQ{q^) via the interference term, despite the fact that the Kn mass distribution appears 
dominated by the vector _ft'*(890) state. The product Hq x is also plotted in Fig. [631 
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0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

GeV^ 

Figure 63: Model-independent form factors measured by CLEO-c [466]. 
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8.4 CP Asymmetries 



CP violation occurs if the decay rate for a particle differs from that of its CP-conjugate [467]. 
In general there are two classes of CP violation, termed indirect and direct [468]. Indirect 
CP violation refers to AC = 2 processes and arises in D° decays due to D^-D^ mixing. It 
can occur as an asymmetry in the mixing itself, or it can result from interference between a 
decay amplitude arising via mixing and a non-mixed amplitude. Direct CP violation refers to 
AC = 1 processes and occurs in both charged and neutral D decays. It results from interference 
between two different decay amplitudes (e.g., a penguin and tree amplitude) that have different 
weak (CKM) and strong phase^. A difference in strong phases typically arises due to final- 
state interactions (FSI) [469]. A difference in weak phases arises from different CKM vertex 
couplings, as is often the case for spectator and penguin diagrams. 



The CP asymmetry is defined as the difference between D and D partial widths divided by 
their sum: 

_ T{D) - T(D) 

- T{D) + T(D)- ^^^^^ 

However, to take into account differences in production rates between D and D (which would 
affect the number of respective decays observed), experiments usually normalize to a Cabibbo- 
favored mode. In this case there is the additional benefit that most corrections due to ineffi- 
ciencies cancel out, reducing systematic uncertainties. An implicit assumption is that there is 
no measurable CP violation in the Cabibbo-favored normalizing mode. The CP asymmetry is 
calculated as 

,,(D)+,,(D) ' 
where (considering, for example, — > K^K^) 

N(D^ ^ K-K+) , , 

' N{D0-^K+7T-) ^ ' 

In the case of and decays, A(jp measures direct CP violation; in the case of decays, 
A^p measures direct and indirect CP violation combined. Values of A(jp for and decays 
are listed in Tables I15UI and 11511 respectively. 



The CP lifetime asymmetry is the parameter Ay discussed in the D^-D^ mixing section: 



^^The weak phase difference wiii fiave opposite signs for D ^ f and D ^ f decays, wliile the strong phase 
difference wili have the same sign. As a result, squaring the total amplitudes to obtain the decay rates gives 
interference terms having opposite sign, i.e., non- identical decay rates. 
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Table 150: CP asymmetries A^p = [T{D+) - T{D-)]/[r{D+) + T{D-)] for decays. 



Mode 


Year 


Collaboration 


4 

CP 


D+ 


K°7T + 


2007 


CLEOc [480] 


-0.006 ±0.010 ±0.003 






2002 


FOCUS [486] 
COMBOS average 


-0.016 ±0.015 ±0.009 
-0.0086 ±0.0090 


D+ 




2002 


FOCUS [486] 


+0.071 ±0.061 ±0.012 


D+ 




1997 


E791 [487] 


-0.017 ±0.042 (stat.) 


D+ 




2007 


CLEOc [480] 


-0.005 ±0.004 ±0.009 


D+ 


S 


2007 


CLEO-c [480] 


+0.003 ±0.009 ±0.003 


D+ 


K+K-TT+ 


2007 


CLEO-c [480] 


-0.001 ±0.015 ±0.008 






2005 


BABAR [488] 


+0.014 ±0.010 ±0.008 






2000 


FOCUS [472] 


+0.006 ±0.011 ±0.005 






1997 


E791 [487] 


-0.014 ±0.029 (stat.) 






1994 


E687 [475] 
COMBOS average 


-0.031 ±0.068 (stat.) 
+0.0059 ±0.0075 


D+ ^ 




2007 


CLEOc [480] 


+0.010 ±0.009 ±0.009 


D+ 


K°TV+n+-K- 


2007 


CLEOc [480] 


+0.001 ±0.011 ±0.006 


D+ 




2005 


FOCUS [485] 


-0.042 ±0.064 ±0.022 



It is analogous to A^p except that the asymmetry pertains to the full width rather than a 
partial width, and it is calculated in terms of the reciprocal of the widths. The asymmetry 
is measured by fitting decay time distributions, and thus it is insensitive to a production 
asymmetry between D and D. Values of A^ for some decays are listed in Table [T52l 



8.5 T-violating Asymmetries 

T-violating asymmetries are measured using triple-product correlations and assuming the va- 
lidity of the CPT theorem. Triple-product correlations of the form a - {b x c), where a, b, and 
c are spins or momenta, are odd under time reversal (T). For example, for —>■ K'^K^tt^tt^ 
decays, Ct = 'Pk+ ■ {p-K+ x V-k- ) is odd under a T transformation. The corresponding quantity 
for D° is Ct = Pk- ■ {Pw- x Ptt+)- Defining 



^ _ T{Ct > 0) - TjCr < 0) 
^ T{Ct > 0) + T{Ct < 0) 



(184) 



for decay and 



^ -Ct > 0) - T{-Ct < 0) 
T{-Ct > 0) + T{-Ct < 0) 



(185) 
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Table 151: CP asymmetries A^p = [r{D^) - r{D^)]/[r{D^) + T{D'^)] for D^,D^ decays. 



Mode 


Year 


Collaboration 




D° TT+TT- 


2008 
2005 
2002 
2000 
1998 


BABAR [470] 
CDF [471] 
CLEO [408] 
FOCUS [472] 
E791 [473] 
COMBOS average 


-0.0024 ± 0.0052 ± 0.0022 

+0.010 ±0.013 ±0.006 
+0.019 ±0.032 ±0.008 
+0.048 ±0.039 ±0.025 
-0.049 ±0.078 ±0.030 
+0.0002 ± 0.0051 


DO 7r°7r° 


2001 


CLEO [476] 


+0.001 ± 0.048 (stat. and syst. combined) 




2001 


CLEO [47(i] 


+0. 001 ± 0.013 (slai. and syst. comlnuod) 




2008 
2005 
2002 
2000 
1998 
1995 
1994 


BABAR [470] 

CDF [471] 
CLEO [408] 
FOCUS [472] 
E791 [473] 

L J 

CLEO [474] 
E687 [475] 
COMBOS average 


+0.0000 ±0.0034 ±0.0013 
+0.020 ±0.012 ±0.006 
+0.000 ± 0.022 ± 0.008 
-0.001 ± 0.022 ± 0.015 
-0.010 ±0.049 ±0.012 
+0.080 + 0.061 (stat.) 
+0.024 + 0.084 (stat.) 
+0.0015 ± 0.0034 


r>o ^ K°K° 

s s 


2001 


CLEO [476] 


—0.23 ±0.19 (stat. and syst. combined) 




2008 
2008 
2005 


BABAR [477] 
Belle [478] 

L J 

CLEO [479] 
COMBOS average 


-0.0031 ±0.0041 ±0.0017 
+0.0043 + 0.0130 
+0.001+^7 ± 0.05 
-0.0023 + 0.0042 


73° ^ 7i:+7<:-7r'' 


2008 


BABAR [477] 


0.0100 + 0.0167 + 0.0025 


73" ^ 7i:-7i-+7r° 


2007 
2001 


CLEOc [480] 
CLEO [481] 
COMBOS average 


+0.002 ± 0.004 ± 0.008 
-0.031 ± 0.086 (stat.) 
+0.0016 + 0.0089 


73° ^ TiT+TT-TrO 


2005 
2001 


BELLE [482] 
CLEO [483] 
COMBOS average 


-0.006 + 0.053 (stat.) 
+0.09i^:22 (stat.) 
-0.0014 + 0.0517 


D° Ky+n- 


2004 


CLEO [484] 


-0.009 ± omit o'^^ll 


D° K+TT-TT+n- 


2005 


BELLE [482] 


-0.018 + 0.044 (stat.) 


D° K+K-n+n- 


2005 


FOCUS [485] 


-0.082 ± 0.056 ± .047 
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Table 152: Lifetime asymmetries = [t{D^) - t{D^)]/[t{D^) +t{D^)] for D^,D^ decays. 



Mode 


Year 


Collaboration 




D° K+K-/7V+7V- 


2007 
2007 


BELLE [399] 
BABAR [409] 
COMBOS average 


+0.00010 ± 0.00300 ± 0.00150 
+0.00260 ± 0.00360 ± 0.00080 
+0.00123+ 0.00248 



for decay, in the absence of strong phases either Arp 7^ or Aj. ^ indicates T violation. 
The asymmetry 

At.., = (186) 

tests for T violation even with nonzero strong phases (see Refs. [489-492]). Values of Axvioi for 
some D~^, Df, and D° decay modes are listed in Table [T53l 



Table 153: T-violating asymmetries ^Tvioi — (^r — ^t)/2. 



Mode 


Year 


Collaboration 


4 

viol 


D° K+K-TT+TT- 


2005 


FOCUS [485] 


+0.010+0.057+0.037 


D+ K°K+TT+n- 


2005 


FOCUS [485] 


+0.023+ 0.062 + 0.022 


D+ K°K+7r+7r- 


2005 


FOCUS [485] 


-0.036+ 0.067+ 0.023 



In summary, Tables I150H153] show that there is no evidence yet for CP or T violation in the 
charm sector. The most sensitive searches for CP violation have reached a level of sensitivity 
well below 1%. 
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9 Summary 



This article provides updated world averages for 6-hadron properties as of the end of 2007. 
Some results that appeared at the beginning of 2008 are also included. A small selection of 
highlights of the results described in Sections [3ll8] is given in Table 11541 

Concerning lifetime and mixing averages, the most significant changes since the end of 
2006 [4] are due to new measurements from the Tevatron experiments, mainly in the areas of 
heavy B meson [B^ and B^) lifetimes and B^ mixing parameters. After the direct observation 
of Bg oscillations by CDF in 2006, D0 has now obtained an independent measurement of this 
phenomenon. Taking advantage of their increased data sample sizes, both experiments also 
performed new analyses of 5° J/'ip4> untagged and tagged decays, leading to improvements 
in the measurement of the decay width difference in the B^ system. Most notably, these 
analyses investigate mixing- induced CP violation in B^ — >■ J/ip4> decays and determine the 
corresponding weak phase, although with large uncertainties and with a two-fold ambiguity. 
The CDF and D0 results are consistent, and the combined result differs from the Standard 
Model expectation by 2.2 a. We also present for the first time a combination of these results 
with searches for CP violation in B^ mixing, under the hypothesis of a significant New Physics 
phase. 

Measurements by Babar and Belle of the time-dependent CP violation parameter Sb^css in 
B decays to charmonium and a neutral kaon have established CP violation in B decays, and 
they allow a precise extraction of the Unitarity Triangle parameter sin2/5 = sin20i. Recent 
studies of 5 ^ J/^K* (Sec. K^ . B D'^*^h° where /i° = 7r°, etc. (Sec. US]), and B 
D*^ D*~ K^g (Sec. I4.4.3P allow one to resolve the ambiguity for /3 = 0i from the measurement of 
sin2/9 = sin20i. Measurements of time-dependent CP asymmetries in hadronic h ^ s penguin 
decays continue to provide insight into possible new physics. In this area, results from both 
Babar and Belle have been updated. A particularly notable change is that the CP violation 
effect m B ^ rj'K^ is now established with more than 5a significance in both experiments. First 
results from time- dependent Dalitz plot analyses of both B K^K~ and B —>■ tt'^tt'K^ 
decays are now available. Compared to the previous round of averages, the consistency with the 
Standard Model expectation remains at about the same level in terms of significance. Results 
from time- dependent analyses of the decays B^ —>■ tt+tt^ p'^n^ and p^p^ provide constraints on 
the Unitarity Triangle angle a = 02 (Sec. 14.111) . Both Babar and Belle have now observed CP 
violation in B^ — > 7t~^7i~ with more than 5cr significance, and both experiments have performed 
time-dependent Dalitz plot analyses of B^ —>■ (pir)^ — > 7r"'"7r~7r°. Progress continues to constrain 
the third Unitarity Triangle angle 7 = 03. Both Babar and Belle are using 

5- ^ D^*^K- decays 

(Sec. I4.13p . with D^*^ decays to final states accessible from both D^*^'^ and D^*^^. At present, 
the most constraining results arise from the Dalitz plot analysis of the D — > K^tt^tc^' channel. 

Progress in the determination of properties of semileptonic B decays has been steady over 
the last year. To match the increasing number of results coming from Babar and Belle, several 
new averages have been added for decays with a D^*^ in the final state. Regarding inclusive 
B — » Xci^Ui decays, updated values of the 6-quark mass from the kinetic and IS schemes were 
obtained. Regarding charmless semileptonic decays, two new calculations (GGOU and ADFR) 
presented in 2007 were used (together with the already existing calculations BLNP, DGE and 
BLL) to extract the value of \Vub\- All this information contributes to the current effort by 
theorists and experimentalists to understand the current differences between values of \Vub\ 
extracted from inclusive and exclusive decays. Finally, the B — ^ iri'^ug branching fraction was 
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Table 154: Brief summary of the world averages at the end of 2007. 



b-hadron lifetimes 




r(50) 


1.530 ±0.008 ps 


r(fi+) 


1.639 ±0.009 ps 


t{B^ flavour specific) 


1.456 ± 0.030 ps 


ns's) = i/r. 


1 478+0.020 




0.461 ±0.036 ps 




1.379 ±0.051 ps 


6-hadron fractions 




f+-/fo in Y{4S) decays 


1.064 ±0.029 


fs in T{5S) decays 


0.194 ±0.029 


fd = fu at high energy 


0.401 ±0.011 


fs at high energy 


0.106 ±0.012 


/baryon at high energy 


0.093 ±0.019 


-B° and mixing/CP V pctrameters 






0.507 ±0.004 ps-i 


Iq/pU 


1.0024 ±0.0023 


Arris 


17.78 ±0.12 ps-i 


ATs = Tl - Th 


±0.0671°:°^ ps-i 




0.9992 ±0.0042 


0, = -2/5, (90% CL range) 


[-1.26, -0.13] U [-3.00, -1.88] 


Measurements related to Unitarity Triangle angles 




sin2/3 = sin20i 


0.681 ± 0.025 


f3 = <Pi 


(21.5 ±1.0)° 




0.61 ± 0.07 




-0.61 ±0.08 




-0.38 ±0.07 


Semileptonic B decay peirameters 




B{B xeu) 


(10.74 ±0.16)% 


\V,b\F{l) ^ D*+£-V) 


(36.14 ±0.55) X 10-3 


\V,„\G{1) ^ D+£-i7) 


(42.3 ±4.5) X 10-3 


B{B Tiiu) 


(1.40 ±0.06) X 10-^ 


mixing/CP V pcirameters 

X 

y 


(0.89^°.2?)% 

(o.75i°:JD% 


Rd 


(0.3348 ± 0.0086)% 


An 


(-2.0 ± 2.4)% 


\q/p\ 


0.871°:J« 





(-9.ll?i)° 
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updated with published (instead of prehminary) results, and for the first time the B —>■ pl^vi 
average was added. 

For rare B decays, branching fractions and charge asymmetries of new decay modes continue 
to be measured, mostly by Babar and Belle. There are several hundred measurements in the 
tables in Sec. El Particularly noteworthy is the measurement of B^ t^u; Belle sees evidence 
for this decay, while Babar reports a somewhat smaller branching fraction. 

In the sector of B decays to charmed particles, reductions in uncertainties and new mea- 
surements continue to be made. Branching fractions for rare 5-meson decays or decay chains 
of a few 10~^ are being measured with statistical uncertainties typically below 30%. Results 
for more common decay chains, with branching fractions around 10~^, are becoming precision 
measurements, with uncertainties typically at the 3% level. Branching fractions for several B 
decays to D*J(2317) and Djj(2460) have been measured. 

Mixing in the D^-D^ system was finally observed last year. Three experiments - Belle [399], 
Babar [400], and CDF [401]- now observe evidence for this effect. The measurements are 
combined with others to yield World Average (WA) values for mixing parameters x and and 
for CPV parameters \q/p\ and 0. From this fit, the no-mixing point x = y = Q is excluded at 
9.2(7. The parameter x differs from zero by 3. Oct, and y differs from zero by 4.0(7. This mixing 
is presumably dominated by long-distance processes, which are difficult to calculate. Thus, it 
may be difficult to identify new physics from mixing alone. The WA value for the observable 
j/qp is positive, which indicates that the CP-even state is shorter-lived as in the K^-K^ system. 
However, x also appears to be positive, which implies that the CP-even state is heavier; this 
is unlike in the K^-K^ system. It appears difficult to accomodate a strong phase difference 
6 between amplitudes ^4(1}° — > i^+vr") and — > K~^n~) larger than 45°, and there is no 
evidence yet for CPV (either direct or indirect) in the D^-D^ system. 
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